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phate), and is inhibited by ATP, which is one of its substrates. As a result, this 
enzyme can turn itself on, being subject to a complex form of positive feedback 
control. Under certain circumstances such feedback control gives rise to striking 
oscillations in the activity of the enzyme, causing corresponding oscillations in 
the concentrations of various glycolytic intermediates (Figure 2-39). Although the 
physiological significance of these particular oscillations is not known, they illus- 
trate how a biological oscillator can be produced by a few enzymes. In principle, 
such oscillations could provide an internal clock, enabling a cell to "measure time" 
and, for example, to perform certain functions at fixed intervals. 

Enzymes Can Be Switched On and Off by Covalent Modification 22 

The types of feedback control just described permit the rates of reaction sequences 
to be continuously and automatically regulated in response to second-by-second 
fluctuations in metabolism. Cells have different devices for regulating enzymes 
when longer-lasting changes in activity, occurring over minutes or hours, are re- 
quired. These involve reversible covalent modification of enzymes, which is often, 
but not always, accomplished by the addition of a phosphate group to a specific 
serine, threonine, or tyrosine residue in the enzyme. The phosphate comes from 
ATP, and its transfer is catalyzed by a family of enzymes known as protein kinases. 

We shall describe in the following chapter how phosphorylation can alter the 
shape of an enzyme in such a way as to increase or inhibit its activity. The sub- 
sequent removal of the phosphate group, which reverses the effect of the phospho- 
rylation, is achieved by a second type of enzyme, called a phosphoprotein phos- 
phatase. Covalent modification of enzymes adds another dimension to metabolic 
control because it allows specific reaction pathways to be regulated by signals 
(such as hormones) that are unrelated to the metabolic intermediates themselves. 

Reactions Are Compartmentalized Both Within Cells 
and Within Organisms 23 

Not all of a cell's metabolic reactions occur within the same subcellular compart- 
ment. Because different enzymes are found in different parts of the cell, the flow 
of chemical components is channeled physically as well as chemically. 

The simplest form of such spatial segregation occurs when two enzymes that 
catalyze sequential reactions form an enzyme complex, and the product of the 
first enzyme does not have to diffuse through the cytoplasm to encounter the 
second enzyme. The second reaction begins as soon as the first is over. Some 
large enzyme aggregates carry out whole series of reactions without losing contact 
with the substrate. For example, the conversion of pyruvate to acetyl CoA proceeds 
in three chemical steps, all of which take place on the same large enzyme complex 
(Figure 2-40), and in fatty acid synthesis an even longer sequence of reactions is 
catalyzed by a single enzyme assembly. Not surprisingly, some of the largest en- 
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Figure 2-39 The abrupt addition of 
glucose to an extract containing the 
enzymes and cofactors required for 
glycolysis can produce large cyclic 
fluctuations in the levels of 
intermediates such as NADH. These 
metabolic oscillations arise, in part, 
from the positive feedback control of 
the glycolytic enzyme 
phosphofructokinase. 
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Figure 2-40 The structure of pyruvate 
dehydrogenase — an example of a large 
multienzyme complex in which 
reaction intermediates are passed 
directly from one enzyme to another. 
This enzyme complex catalyzes the . 
conversion of pyruvate to acetyl CoA. 
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Threonine 




Standard codons for T : ACA ACC ACG ACT 



Substitution preferences: 

All protein types: 

Favoured Ser ( 1) 

Neutral AJa ( 0) Asn ( 0) Val ( 0) 

Disfavoured AspJ-1) Glu (-1) lle(-"l)~ Lys (-1 ) Me_tj-1) Leu (-1) Pro(-1) Gin (-1) 
Arg (-1) Cys (-1) Phe (-2) His (-2) Trp (-2) t yr (-2) Gly (-2) 

Intracellular proteins: 
Favoured 

Neutral Cys ( 0) Asp ( 0) Glu ( 0) Lys ( 0) Met (0) His (0) lie ( 0) AsnJ 0) 

Pro ( 0) Gin ( 0) Arg (0) Ser ( 0) Al a'( 0) Val (0) 
Disfavoured Leu (-1 ) Phe (-1) Tyr (-1) Gly (-1) trp (-2) 

Extracellular proteins: 
Favoured Ser ( 1 ) 

Neutral Ala ( 0) Val ( 0) Asp ( 0) Glu ( 0) Gly ( 0) His ( 0) He ( 0) Lys ( 0) 

Met ( 0) Leu ( 0) Asn ( 0) Pro ( 0) Gin ( 0) Arg ( 0) 
Disfavoured Trp(- 1) Phe (-1) Tyr (-1) Cys (-5) 

Membrane proteins: 

Favoured Ser (2) Asn ( 1)Al a ( 1) 

Neutral Gly ( 0) lie (0) Met ( 0) Cys ( 0) A sp ( 0 ) Val ( 0) 
Disfavoured Pro(-1) GluT-1) Arg(-1) Leu (-1) His~(-2) ~ Phe (-2) Lys (-2) Gin (-2) 
Tyr (-3) Trp (-4) 

Substitutions: As Threonine is generally considered a slightly polar polar , amino acid, though it 
is fairly neutral with regard to mutations, though generally it subsitutes with other polar or small 
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amino acids, in particular Serine which differs only in that it has a hydrogen in place of the 
methyl group found in Threonine. 

Role in structure: Being a fairly indifferent amino acid, Threonine can reside both within the 
interior of a protein, or on the protein surface. 

Threonine has an additional property that is frequently overlooked. Like Valine , and Isoleucine 
it is C-beta branched . Whereas most amino acids contain only one non-hydrogen substituent 
attached to their C-beta carbon, these three amino acids contain two. This means that there is 
a lot more bulkiness near to the protein backbone, and thus means that these amino acids are 
more restricted in the conformations the main-chain can adopt. Perhaps the most pronounced 
effect of this is that it is more difficult for these amino acids to adopt an alpha-helical 
conformation, though it is easy and even preferred for them to lie within beta-sheets. 

Role in function: Threonines are quite common in protein functio nal centres . The hydroxyl 
group is fairly reactive, being able to form hydrogen bonds with a variety of polar substrates. 

A common role for Threonines (and Serines and Tyrosines ) within intracellular proteins is 
phosphorylation. Protein kinases frequently attach phosphates to Threonines in order to 
fascilitate the signal transduction process. 

Note that in this context, Threonine can often be replaced by Serine, but is unlikely to be 
replaced by T yrosin e, as the enzymes that catalyse the reactions (i.e. the protein kinases) are 
highly specific (i.e. Tyrosine kinases generally do not work on Serines/Threonines and wee 
versa). 



Back to main page 

Please cite: MJ. B etts, R.B. Russell. Amino acid properties and consequences of subsitutions. 
In Bioinformatics for Geneticists, M.R. Barnes, I.C. Gray eds, Wiley, 2003. . 
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Tyrosine 




Standard codons for Y : TAC TAT 



Substitution preferences: 

All protein types: 

Favoured Phe (3) Trp (2) His ( 2) 

Disfavoured Met (-1) Leu (-1) Gin (-1) Val (-1 ) He (-1) Ala (-2) Lys (-2) Cys (-2) 
Glu (-2) Ser (-2) Arg (-2) Thr (-2) Asn (-2) Asp (-3) Pro (-3) Gly (-3) 

Intracellular proteins: 
Favoured Trp ( 2) Phe ( 2) His ( 1) 
Neutral Leu ( 0) Cys ( 0) Val ( 0) He ( 0) Met ( 0) 
Disfavoured Ala (-T) AsnJ-1) Glu(-1) Pro(-1) Gln(-1) Arg(-1) Ser (-1) Thr(-1) 
Lys"(-T)Asp'(-2) Gly(-2) 

Extracellular proteins: 

Favoured Phe ( 2) Trp ( 1 ) 

Neutral Val ( 0) He ( 0) His ( 0) Arg ( 0) 

Disfavoured Ala (-1) Glu (-1) Lys (-1) Met (-1) Leu (-1) Asn (-1) Pro(-1) Gin (-1) 
Ser (-1) Thr (-1) Gly (-2) Asp (-2) Cys (-4) 

Membrane proteins: 

Favoured His ( 6) Cys ( 3) Phe ( 2) LysJ I) 
Neutral Gin ( 0) Ser ( 0)" ~ 

Disfavoured Arg(-1) Asn (-1) Asp (-2) Leu (-2) Thr (-3) Trp (-3) Ala (-3) Met (-3) 
He (-4) Val (-4) Pro (-5) Glu (-5) Gly (-5) 



http://www.russell.embl-heidelberg.de/aas/Tyr.html 



6/21/2004 



Tyrosine 



Page 2 of 2 



Substitutions: As Tyrosine is an aromatic , partially hydrophobic , amino acid, it prefers 
substitution with other amino acids of the same type (see above). It particularly prefers to 
exchange with Phenylalanine , which differs only in that it lacks the hydroxyl group in the ortho 
position on the benzene ring. 

Role in structure: Being partially hydrophobic, Tyrosine. prefers to be buried in protein 
hydrophobic cores. The aromatic side chain can also mean that Tyrosine is involved in 
stacking interactions with other aromatic side-chains. 

Role in function: Unlike the very similar Phenylalanine , Tyrosine contains a reactive hydroxyl 
group, thus making it much more likely to be involved in interactions with non protein atoms. 

Like other a roma tic amino acids, Tyrosine can be involved in interactions with non-protein 
ligands that themselves contain aromatic groups via stacking interactions. 

Like other aromatic amino acids, Tryptophan can be involved in interactions with non-protein 
ligands that themselves contain aromatic groups via stacking interactions. Tryptophan and 
other aromatic amino acids can be involved in binding to poly-proline containing peptides, for 
example, in SH3 or WW domains. 

A common role for Tyrosines (and Serines and Threonines ) within intracellular proteins is 
phosphorylation. Protein kinases frequently attach phosphates to Tyrosines in order to 
fascilitate the signal transduction process. Note that in this context, Tyrosine will rarely 
substitute for Serine or Threonine , since the enzymes that catalyse the reactions (i.e. the 
protein kinases) are highly specific (i.e. Tyrosine kinases generally do not work on 
Serines/Threonines and wee versa). 



Back to main pag e 

Please cite: M.J. Betts, R.B. Russell. A mino acid properties and consequences of subsitutions. 
In Bioinformatics^r^netloste, M.R. Barnes, I. C. Gray eds, Wiley, 2003. . 
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Serine 
Ser or S 
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Standard codons for S : AGC AGT TCA TCC TCG TCT 



Substitution preferences: cU ' iJ / Lyr '/ 

All protein types;. ^ r. ^- /«■ ^ c '"- 

Favoured Ala ( 1) Asn f 1) TKr ( 1) 
Neutral Glu ( 0) Lvs ( 0) Glv ( 0) Gin ( 0) Asp ( 0) 

Disfavoured Am (-1) Met (-1) His (-1) Pro (-1) Cys (-1) Leu (-2) VaJ_(^) Phe (-2) 



Neutral Cys ( 0) Asp;( OV GIu ( 0V LyslQl Glv(O) His ( 0) AsnJJl ProJ_Ql 

Gin ( 0) Aj^lpl AJaJJ^ ^ • 
Disfavoured Val (-1) Tvr (-1) Met (-1) Phe (-2) Trp (-2) He (-2) Leu (-2) 

Extracellular proteins: 
Favoured Thr ( 1) 

Neutral Pro ( 0) Asp(O) Glu £01 Asn ( 0) Gly(O) His ( 0) LyslO} ArglOl 
Ala ( 0) Gin ( 0) 

Disfavoured IJeHl Met(-1) Leu (-1) Val (-1) Jrp(-1) lyr H) Phei^l Cys^Sl 
Membrane proteins: 

Favoured AsfiL?! IhrJ_2A Ajalii CisJJ) GJyJJ) 
Neutral Glu ( 0) Tyr ( 0) Asp ( 0) 



Disfavoured Pro(-I) Gin (-1) Phe (-1 ) Lys (-1] Arq(-1) Validi IMidl Hjs±: 



Tvr (-2) He (-2) Trp (-3) 



Intracellular proteins: 
Favoured 



Leu±21 Met_t2l IlB±31 
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in particular Threonine which differs only in that it has a methyl group in place of a hydrogen group 
found in Serine. 

Role in structure: Being a fairly indifferent amino acid, Serine can reside both within the interior of a 
protein, or on the protein surface. Its small size means that it is relatively common within tight turns on 
the protein surface, where it is possible for the Serine side-chain hydroxyl oxygen to form a hydrogen 
bond with the protein backbone, effectively mimicking Proline .. 

Role in function: Serines are quite common in protein functional centres . The hydroxyl group is fairly 
reactive, being able to form hydrogen bonds with a variety of polar substrates. 

Perhaps the best known role for Serine in protein active sites is found in the classical Asp-His-Ser 
catalytic triad found in many hydrolases (e.g. proteases, lipases, etc.). Here, a Serine, aided by a 
Histidine and an Aspartate acts as a nucleophile to hydrolyse (effectively cut) other molecules. 




This three-dimensional 'motif is found in many non-homologous (i.e. un-related) proteins, and is a 
classic example of molecular convergent evolution. Note that in this context it is rare for Serine to 
exchange with Threonine , but in some cases, the reactive serine can be replaced by Cysteine , which 
can perform a similar role. 

A common role for Serines (and Ihr^nines and Tyrosines) within intracellular proteins is 
phosphorylation. Protein kinases frequently attach phosphates to Serines in °. rder ^ 
signal transduction process. Note that in this context, Serine can often be replaced by Threonine , but 
is unlikely to be replaced by Tyrosine , as the enzymes that catalyse the reactions (i^the protein 
ZtSn)*" highly specific (liT^sine kinases generally do not work on Serines/Threonines and 
vice versa). 
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Phosphorylation of the Human Vitamin D Receptor by 
Protein Kinase C 

BIOCHEMICAL AND FUNCTIONAL EVALUATION OF THE SERINE 51 RECOGNITION SITE* 

(Received for publication, March 10, 1 993, and in revised form, April 5, 1993) 

Jui-Cheng Hsieh, Peter W. Jurutka, Shigeo Nakajima, Michael A. Gall igan, Carol A. Haussler, 
Yoshiko Shimizu*. Nobuyoshi Shimizu*, G. Kerr Whitfield, and Mark R. Haussler§ 

From the Department of Biochemistry, The University of Arizona Health Sciences Center, Tt^on, Arizona 85724 and t'The 
Department of Molecular and Cellular Bivlvyy, The University of Aruona, Tucson, Arizona 8o7Jl 



We have reported previously that the human vitamin 
D receptor (hVDR) is selectively phosphorylatcd by 
protein kinase C-0 (PKC-/9), in vitro, on a serine resi- 
due in the sequence RRSmMKRK, which is located 
between the two zinc fingers of hVDR and is poten- 
tially important to its transacting function (Hsieh, J.- 
C, Jurutka, P. W„ Galligan, M. A., Terpening, C. M M 
Haussler, C. A., Samuels, D. S., Sfaimizu, Y., Shimizu, 
N. # and Haussler, M. R. (1991) Proc. Natl. Acad. Sci, 
U.S.A. 88, 9315-9319). In the present experiments we 
evaluated this phosphorylation event using a series of 
hVDR mutants in which serine 51 or its flanking res- 
idues were modified. Alteration of serine 51 to a non- 
phosphorylatable residue resulted in an approximately 
60% reduction in basal hVDR phosphorylation in intact 
cells but did not diminish 1,25-dihydroxy vitamin Da- 
stimulated phosphorylation. Such mutations also abol- 
ished subsequent phosphorylation of immunoprecipi- 
tated hVDR by purified PKC-/?, in vitro, as did replace- 
ment of basic residues on either side of serine 51. 
Mutation of serine 51 to glycine (S51G) or to aspartic 
acid (S51D), as well as altering the basic residues 
flanking serine 51, abolished the interaction of hVDR 
with the vitamin D-responsive element (VDRE) as 
monitored by gel mobility shift analysis. Thus, we 
conclude that unmodified serine 51 and its surrounding 
basic residues are crucial not only for PKC-0 substrate 
recognition but also for the optimal VDRE binding of 
native hVOH. In transactivation assays, S51G and 
S51D possessed only 35 and 10% of wild-type hVDR 
activity, respectively. Mutation of serine 51 to threo- 
nine (S51T) restored phosphorylation by PKC-/?, in 
vitro f to about 40% of wild-type and transactivation to 
45% of that of wild-type hVDR. Alteration of serine 
51 to alanine, which is the residue in the corresponding 
position of the glucocorticoid, progesterone, mineral- 
ocorticoid, and androgen receptors, eliminated PKC-/? 
phosphorylation but completely preserved the specific 
DNA binding activity and transactivation capacity of 
hVDR. Thus, phosphorylation of hVDR ut serine 51 is 
not required for either VDRE binding or transactiva- 
tion. Finally, incubation of Escherichia co/i-expressed 
hVDR with PKC-/9 elicits marked phosphorylation of 
the receptor and significantly inhibits its ability to 



complex: with the VDRE. We therefore speculate that 
posttruitslational modification of hVDR at serine 51 
may constitute a negative regulatory loop which could 
be operative when target cells are subject to PKC ac- 
tivation events. 



* This work was supported by National Institutes of Health Grants 
AR-15781 and DK-333&1 (to M. R. H.), CM-24375 (to N, S.), and 
DK40372 (to G. K. W.). The costs of publication of this articte were 
defrayed in part by the payment of page charges. This article must 
therefore be hereby marked "advertisement" in accordance with 1H 
U.S.C. Section 1734 solely to indicate this fact. 

§ To whom correspondence should be addressed: Dept. of Biochem- 
istry, College of Medicine, The University of Arizona, Tucson, AZ 
85724. Tel.: 602-626-6033; Fax: 602-62C-2110. 



The vitamin D receptor (VDR) 1 is classified as a member 
of the steroid/thyroid hormone receptor superfamily of pro- 
teins by virtue of amino acid homologies and similar biochem- 
ical functions among this family of nuclear regulatory mac- 
romolecules (Beato, 1989; Evans, 1988; Haussler et ai, 1938) 
As with other steroid/thyroid/retinoid receptors, the intra- 
nuclear VDH mediates the biological effects of the vitamin C 
hormonal ligand, 1,25-dihydroxyvitamin D 3 (l^S-IOHj A), 
on target cells. Hormone-occupied VDR regulates specific 
gene transcription by binding to a DNA enhancer sequence 
termed the vitamin D-responsive element (VDRE). Recently ; 
several VDRE sequences have been identified in the mouse 
Spp- J/osteopontin gene (Noda etai { 1990), the human osteo 
calcin gene (Ozono et al> 1990), and the rat osteocalcin gen* 
(DeMay et al., 1990; Markose et at, 1990; Terpening et ai t 
1991). Guanine nucleotide contact sites for VDR within th* 
VDRE sequence have been mapped and the requirement for 
both nuclear protein auxiliary factor(s) and l,25-(OH)2D 3 for 
the interaction of VDR with the VDRE has been characterize* 
via gel retardation analyses (Ozono et aL t 1990; MacDonald. 
et ai t 19ttl; Nakajima et al y 1992). Therefore, like the thyroid. 
hormone and rctinoic acid receptors, gene control by VDR if 
apparently elicited by binding of a VDR: auxiliary factor 
heterodimer to direct repeats of the VDRE half-element which 
are separated by 3 base pairs in vitamin D-control!ed gene:. 
(Haussler et at., 1991; Sone etaL, 1991; UmesonoeraJ., 1991). 

Most of the steroid/thyroid receptors are known to b<; 
phosphorylated (Oru* etaL, 1992), and specific phosphorylated 
residues have been identified in the mouse glucocorticoid 
receptor (Bodwell et aL, 1991), the chicken progesterone 
receptor (Denner et at., 1990a, 1990b), and the chicken thyroid 
hormone receptor (Goldberg et al, 1988; Glineur et aL, 1989). 
Although phosphorylation of proteins is widely regarded ar.i 
one of the key biochemical means of regulating cellular proc - 
esses, the functional role for phosphorylation of steroid/thy - 



'The abbreviations used are: VDR, vitamin D receptor: 1,25 • 
(OH) 2 D 3 , 1 25-dihydroxyviumin D 3 ; VDRE, vitamin D -responsive 
clement; hVDR, human VDR; PKC-/3, protein kinase C-£; DMEM, 
Dulbecco'a modified Eagle'a medium; hGH, human growth hormone; 
PBS, Dulbecco's phosphate- buffered saline; TK#, thyroid hormom; 
receptor- 3; RRor, retinoic acid receptor-«; ER, estrogen receptor; OP, 
glucocorticoid receptor; PR, progesterone receptor, MR, mineralccor- 
ticoid receptor; AR, androgen receptor. 
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roid receptors is not clearly defined. Recent evidence indicates 
that phosphorylation of the chicken progesterone receptor 
may be centrally involved in the transcriptional activation 
function (Denner et al.. 1990b). It is therefore of considerable 
importance to characterize the phosphorylation of steroid 
receptors and to understand its role in hormone receptor 
action. 

Previous studies showed that the phosphorylation of mouse 
and chicken VDR, in vivo, is a rapid event which is enhanced 
in the presence of ^-(OHHDa (Pike and Sleator, 1985; 
Haussler et al. t 1988; Brown and DeLuca, 1990). Serine is the 
predominant phosphorylated residue based upon phospho- 
amino acid analysis of mouse VDR (HausBler et al., 1988) and 
of other steroid receptors (Smith et al., 1989; Sheridan et aL f 
1989). We have recently observed that the serine 51 residue 
of human VDR (hVDR), which is conserved in all known 
VDRs, is selectively phosphorylated by protein kinase C-0 
(PKC-0), in vitro and in vivo (Hsieh et al., 1991). The family 
of PKC serine/threonine kinases has been well characterized, 
and its members are thought to play a crucial role in the 
signal transduction pathways elicited by a variety of growth 
factors, hormones, and neurotransmitters (Nishizuka, 1989), 
as well as in the modulation of transacting factors such as c- 
jun (Boyle et al, 1991). Our earlier data revealed that the 
replacement of serine 51 in hVDR with glycine results in 
significant inhibition of transcriptional activation capacity. 
Thus, serine 51 warrants further study as a key residue in the 
phosphorylation and function of hVDR. 

To further delineate the potential functional involvement 
of PKC phosphorylation in VDR action, we used oligonucie- 
otide-directed mutagenesis to replace several amino acids at 
or around the PKC site. The effects of these mutations on 
protein expression, hormone binding, DNA binding, transac- 
tivation, and PKC-0 phosphorylation are described in this 
paper. In addition, we evaluated the potential role of PKC 
phosphorylation of hVDR in terms of proportion of total 
hVDR phosphorylation, dependence on the presence of 1.25- 
(OH) a D 3 hormone, and flanking sequence requirements for 
PKC-0 recognition of serine 51. We observed that hVDR 
phosphorylation at serine 51 is a quantitatively significant 
modification in intact cells that apparently is unaffected by 
l t 25-(OH)iD6 hormone levels. The basic region, including 
serine 51, proved to be essential for specific binding of hVDR 
to DNA and possibly plays a minor role in nuclear localization. 
The introduction of a negative charge at residue 51 inhibits 
DNA binding, indicating that the function of PKC phos- 
phorylation may be to down-regulate VDR action. 

EXPERIMENTAL PROCEDURES 

Site-directed Mutagenesis— Alteration of specific residues in hVDR 
was carried out according to the method of Kunkel et al. (1987) using 
the MutaGene kit <Bio-Rad). Briefly, the hVDR cDNA was inserted 
into the £coRI site of the phagemid vector pSG5 (Green et al, 1988), 
which contains an M13 phage origin of replication. Single-stranded 
phagemid containing the hVDR cDNA was then produced and an- 
nealed to oligonucleotides complementary to the region of interest in 
the hVDR sequence. These oligonucleotides, usually 21-25 nucleo- 
tides in length, contained bases in the central portion of their se- 
quence which mismatched with the natural h VDR sequences, creating 
altered amino acid codons. After annealing of these mutagenic oli- 
gonucleotides, the second strand of the pSGGhVDR phagemid was 
completed using T4 DNA polymerase in an in vitro synthesis. Double- 
stranded phagemid was then propagated in a bacterial host and 
isolated colonies were screened by DNA sequencing for the presence 
of pSG5hVDR phagemida containing the desired mutation. 

Cell Culture and Transfections— COS-7, on SV40- trans formed Af- 
rican Green monkey kidney cell line, was obtained from the American 
Type Culture Collection (Bethesda, MD) and maintained in Dulbec- 
co's modified Eagle's medium (DMEM) (Life Technologies, Inc.) 
supplemented with 10% fetal bovine serum (Gemini Bioproducts, 
Calabasas, CA). Cells were transfected using the calcium phosphate- 



DNA cooncipitation technique without glycerol shock (Kingston, 
19901 EteK hour, after transection, cells were washed twice- with 
Dm K& in either the presence or absence of 10 nM 
™5ohK ™ additional 48 h prior to 

Transcription Assay-Transcriptional activity of hVDR mutants 
wJXSTin COS-7 cells cotransfected with the appropriate 
nSGB^VDirexpression plasmid (7.5 and a reporter p asmid 
(CT4 ) *TKG H (5 y. g) containing the vitamin D-responsive element 
IS™ £ine et al 1991). Cells were treated for 4S h following trans- 
K th ether 10 nM l,25-(OH),D 3 or ethanol « a control. 
Medium^ £ assayed for the expression of ^.ff^^S 
(hGH) by radioimmunoassay using a commercial kit <Nichob In»U- 
tut Dia^ostics, San Juan Capistrano, CA), and cells were harvested 
for immunoblot analysis. «j 

Harmon, Binding Assay-The abilities of wild -type and mu£nt 
hVDRs to bind l,25-(OH),D 3 ligand were assessed by a 
assay as described by Jones et al (1991), except that acetone treat- 
ment of fihars wae omitted. . 

Immunoblctting and ImmuncprezipUation o} Human \ DK— J . ra«-- 
fected COS-7 cells were lysed directly in 2% SDS, o% ^meTcaptoeth- 
anol. 125 mM Tris-HCl. pH 6.6, and 20% glycerol, and 40 « of 
cellular P n,tein was run on 5-15% gradient SDS -poly acrylarnide gels. 
After elect rophoretic fractionation, proteins w«e elect rot ran sfer red 
to Immobilon-P membranes (Millipore Corp., ^MJJ waga 
Tranablot apparatus (Bio-Rad) in 25 mM Tris-HCl. pH 7.4, 192 mM 
glycine 0 SDS, and 20% methanol. Immunodetection of bound 
hVDR proseias was then performed using the 9My monoclonal ami- 
VDR antibody (Pike et al., 1983). After the first antibody treatment, 
the Immobilon-P membrane was washed and treated at room tem- 
perature for 1 h with Qoai anti-rat IgG conjugated to bio tin After 
four 15-min washes, the blot was incubated with avidin- alkaline 
phosphatase for 1 h and then was washed four more times, ,Wtewed 
by a fifth wash with biotin blot buffer (0.1 M Tris-HCl, pH 9.5, 0.1 M 
NaCl, 2 riM MgCU, 0.05% Triton X-100). Finally, the blot was 
exposed to color reagent containing 50 ^g/ml of 5-bromo-4-chloro-3- 
indolylphcsphatc and 100 M g/ml of 4-nitro blue tetraaolium chloride. 
The color reaction was stopped by washing with distilled water. The 
immunoblots shown in Figs. 4B, 5C, and 6B were generated using the 
above described method, wheieas those in Figs. IB and 7B were 
produced by the method described previously by Terpening et al 
(1991) which uses m I-labeled protein A. . 

For immunoprecipitation, transfected COS-7 cells were lysed in 
immunopiecipitation lysis buffer (10 mM Tris-HCl, pH 7.4, 1 mM 
EDTA, 0.3 mM ZnS0 4( 0.3 M KC1, 0.5% Triton X-100) and incubated 
with monoclonal antibody 4A57 linked to agarose beads as described 
elsewhere (Jones et at., 1991). 

Purification of PKC-/3 and Phosphorylation Reactions— Purifica- 
tion of PKC from mouae brain (Samuels and Shimizu, 1992) and in 
vitro PKC phosphorylation reactions of transfected COS-7 cell ex- 
tracts were performed by standard procedures as described previously 
(Hsieh et al., 1991). Recently, hVDR has been successfully overex- 
pressed and purified from Escherichia coli cultures (Hsieh et al., 1992). 
Crude ancr. purified, E. co/i-expressed hVDRs were evaluated as sub- 
strates for PKC-2 by incubating them with 1 unit of the kinase for 
30 min at room temperature in the presence of 30 ^Ci of [7- 31 P)ATP. 
To test the influence of PKC-.fl- catalyzed phosphorylation on the 
UNA binding activity of the receptor, purified E. co li -expressed hVDR 
(200 ng) was incubated with different amounts of PKC-0 and 1 mM 
nonradioactive ATP in solution at room temperature for 50 min 
followed by either gel mobility shift assay or immunoblotting. 

Gel Retardation Assay— -A synthetic oligonucleotide, 5'-AGCTGC 
ACTGGGTGAATGAGGACATTACT-3', containing the vitamin D- 
reaponsivn element sequences of the rat osteocalcin gene (Terpaning 
et aL f 1991; MacDonaid et al., 1991) was used as a probe in gel 
mobility shift assays. This double-Btranded oligonucleotide, desig- 
nated CTo, was labeled with [«- 92 P]dCTP (3000 Ci/mmol, Du Pont- 
New England Nuclear) at 5' -overhanging ends with Klenow frag- 
ment. The hVDR utilized for these gel mobility shift assays wait 
obtained from whole cell extracts of COS-7 cells transfected with 
wild-type or mutant pSG5hVDR phagemids. The cells were scraped, 
washed tliree times with phosphate -buffered saline (PBS: 136 mM 
NaCl, 26 mM KC1, 8 mM Na 2 HP0 4 , 1.5 mM KH 3 PO<, pH 7.2), and 
resuspenced in KETD-0.3 buffer (10 mM Tris-HCl, pH 7,6, 1 mM 
EDTA, 3C0 mM KCl, 10% glycerol, 1 ruM DTT, OA mM phenylmeth- 
ylsulfonyl fluoride (PMSF), 15 /ig/ml aprotinin, 1 mg/ml leupeptin, 
1 >ig/ml pepatatin A). After sonication, Bamples were centrifuged at 
215,000 x g for 30 rain at 2 'C. The supernatant was collected, divided 
into small aliquots, and stored at -70 *C. Rat liver nuclear extract; 
which alone doee not form complexes with the VDRE (Nakajima et 
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a/., 1992), containing 1 /ig of protein, was preincuhnted with the 
hVDR-containinK, whole cell extract (1 of total protein) in DIN A 
binding buffer (10 mM Tris-HC), pH 7.6, 100 mM KC1, 2 „g of bovine 
serum albumin, 1 *g of poly(dl.dC)) for 15 min at 22 C and then 
incubated with 0.5 ng of a2 P-laheled probe for an additional 15 mm. 
The reaction mixtures were loaded onto A% nondenaturing polyacryl- 
amide gels in 22.fi mM Tris borate, pH 7.2, 0.5 mM EDTA. Gels were 
run at 10 m A for 70 min, dried, and exposed for autoradiography. 

incubation of Intact Cells with Vitamin D Hormone and Cell frac- 
tionation— At 48 h posttransfection, a total of 2 x 10 7 COS-7 cells 
were washed with DMEM and treated for 2 h nt U7 °C with a final 
concentration of 10 nM l^S-COH)^,. Cells then were harvested by 
scraping culture difihes, resuspending in ice-cold PBS, and ccntnfu- 
eation, The washed cell pellet was suspended in 1.5 ml of swelling 
buffer (0.1 Nf Trift-HCI, pH 7.5, 2 mM KDTA, 0.5 mM EGTA 0.15 
mM spermine, 0.5 mM spermidine, 5 mM dithiothreitol), incubated 
on ice for 10 mirt, and then disrupted by Douncc homogemzation 
with a tight- fitting pestle. The homogenate was subjected to centnf- 
ugation ot 1100 x g for 15 min at 4 the resultant supernatant is 
referred to as "cytosol extract." The crude nuclear pellet was sus- 
pended in 0.5 ml of K12TD-0.3 buffer and extracted for 30 mm. 
Soluble nuclear proteins, referred to as "nuclear extract," were ob- 
tained by centrifugation of the nuclear suspension at 27,000 x g for 
10 min. Cytosol and nuclear extract solutions were adjusted to equal 
protein concentrations and then analyzed for hVDR by immunoblot- 
ting (as described above) in order to estimate the subcellular parti- 
tioning of the transfected wild-type and mutant hVDKs. Although 
the absolute distribution of hVDR between cytosol and nucleus can 
only be obtained by methods such as protein immunofluorescence, 
this preliminary examination of hVDR-spccific immiinoreoctivity 
provides some index of the nuclear retention of the receptor and its 
mutant forms. 

RESULTS 

Phosphorylation of hVDR on 8er* 1 in Intact Cells— As de- 
picted in Fig. 1A, when an hVDR expression plasmid is 
transfected into COS-7 cells, the hVDR protein is signifi- 
cantly phosphorylated during a 4-h exposure of the cells to 
[ ai P]orthophosphatc. Mutation of serine 51 to glycine (S51G) 
abolishes approximately 60% of the phosphorylation of wild- 
type hVDR based upon quantitative densitometric scanning 
of the n2 P-VDR images (Fig. 1A, lane 1 versus 3 and lane 2 
versus 4), indicating that PKC-catalyzed phosphorylation of 
serine 51 constitutes a significant proportion of the phos- 
phorylation of hVDR in intact cells. Fig. IB depicts immu- 
noblot analysis of wild-type and mutant receptor expression 
in this experiment; virtually equal expression occurs which 



argues that the differences in P^P hG 7 l f l0 K n v ?fS 
result of variable expression or stability of the hVDR mutant, 
n addition, when cells expressing the wild-type and 651 G 
hVDRs axe exposed to l,25-(OH) 2 D:„ phosphorylation is only 
slightly stimulated in both cases. Based upon quantitative 
densitometric scanning of the "P-VDR image, on 11% in- 
crease in wild-type phosphorylation occurred in the presence 
of- 1 25-(OH) a D s when normalized to the level, of hVDK 
expression (compare lanes J and 2); a 32% increase was seen 
in the cafce of the S51G mutant (compare lanes 3 and 4). 1 he 
stimulation in the presence of sterol liga «d is blunted m this 
particular experiment by the high level othVDR, because m 
transfected cells with lower levels of hVDR expression the 
stimulation of phosphorylation by l,25-(OH),D, is as high as 
2-fold (McDonnell et ai, 3989; Jones el ai t 1991; Jurutka et 
al 1993). Nevertheless, because alteration of the serine ol 
PKC site: does not diminish the slight increase in hVDR 
phosphorylation occurring in the presence of V 25 **?"^ 
this suggests that PKC-mediated phosphorylation of hVDR 
is independent of the presence of the l,25-(OHhD 0 hormone. 

Construction of Additional hVDR Mutants— To probe fur- 
ther the structure-function relationship of PKC phosphoryl- 
ation of hVDR a series of h VDK mutants in addit ion to S5IG 
was generated using the pSGShVDR plasmid (Hsiah et uL t 
1991) These hVDRs, which were altered at or in the vicinity 
of serine 51, are illustrated in Fig. 2, and their identity was 
confirmed by DNA sequencing in ail cases. To examine the 
influence of the flanking basic residues on '^KC phosphoryl- 
ation of hVDR at serine 51, one double mutant, R49WR50O, 
and one triple mutant, K53QR54GK55E, were generates 
These two mutants convert the amino-terminai flank of serine 
51 from A.Tg-Arg to Trp-Gly and the carboxyl terminal flank 
of serine 51 from Met-Lys-Arg-Lys to Met-Gln-Gly-Glu, re- 
spectively. To confirm the general importance of this basic 
domain between the zinc fingers of hVDR, an internally 
deleted mutant, ARRSMKRK, was constructed. Finally, tc 
evaluate the possibility that an alteration in the first zinc 
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Fic. 1. Phosphorylation of wild-type and mutant S51G 
hVDRs in intact cells. A t COS-7 cells were transfected with either 
wi Id- type (fanes I and 2) or S51G mutant (lanes 3 and 4) hVDR 
cDNA, labeled for 4 h nt 37 *C with ( ;,2 P]orthophosphate in the 
absence or presence of .10 nM l t 25-(OH)jDa, lysed, and subjected to 
immunoprecipitation. The iinmunoprecipitates were analyzed by 
SDS-polyacrylamidc gel electrophoresis followed by autoradiography. 
B, expression of wild-type and S51G hVDRs determined by immu- 
noblotting of lysates from cells transfected as in A. 
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Ri9WRjCO 




fr-COOH 



CGG AAG 
R K 



K53QR54GK55E 



AKKSMKKK 



APRJCGV 



TGG CgVaGC' aTG AAG CGG AAG 
* G S M K R K_ 

AGG CGA AGC " ATG CAG GGC GAG 

*__R S M_ ... Q <L_E 

Deleted region: Arg 49 to Lys 55 



Deleted region: Pro 21 to Val 26 



SiiC 



~A GG C GA G GC AT G AAG CGG AAG 

R R C M K _R K. 

"AGGTGA GA C ATG AAG CGG AAG 
R R 0 M K R K 



SitT 



— - — ACC* ATgTag"CGG AAG 

R„... R I _M K.__.E. 

AGG CGA GCC ATG AAG CGG AAG 
S ' 51A R R A M K R K 

Kio. E. Illustration of base changes in hVDU mutants. The 
enlarged portion of the hVDR allows th« location of serine 51 betwee -j 
the two sine finger DNA hinding motifs. Nucleotide and amino ncin 
changes in each mutant are shown in shadowed te'ttem. 
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j w v>\cr « although S51T hVDR retained only 



finger of the DNA binding region might affect PKC phos- 
phorylation of hVDR, a deletion mutant, APRICGV, m which 
6 amino acid residues were deleted from the NHa-ttrminal 
portion of the first finger (between Pro 21 and VaP ), was 
generated. This PRICGV sequence displays high homology 
with a region in human and rat collagenase and stromelysin 
proteins (Vallee and Auld, 1990) and may be involved in the 
binding of a zinc atom. 

In addition to the S51G point mutation, a constitutive 
negative charge was created by replacing serine 51 with as- 
partic acid (S51D). Threonine also was substituted for serine 
at position 51 to determine if this phosphorylatable amino 
acid could restore the wild-type activities of serine 51. Com- 
parison of the sequences of the members of the nuclear 
receptor superfamily reveals that the thyroid hormone recep- 
tor (TR), retinoic acid receptor (RR), and the estrogen recep- 
tor (ER) possess a potentially phosphorylatable serine or 
threonine in the position analogous to hVDR serine 51, 
whereas in the glucocorticoid receptor (GR) subfamily this 
residue is an alanine. To gain insight into the structure- 
function relationships at the PKC site between these two 
subfamilies, and because alanine maintains ot-helical struc- 
tures well (Chakrabartty et aL, 1991; Serrano et a/., 1992), we 
constructed a serine 51 to alanine mutant (S51A). 

PKC-& Catalyzed Phosphorylation of hVDR Mutants, in 
Vitro— Expressed hVDR mutants were iramunoprecipitated 
and incubated with PKC-/? in the presence of [t-^PJATP, 
and the reaction products were analyzed by SDS-polyacryl- 
amide gel electrophoresis followed by autoradiography and 
quantitative densitometry scanning. Duplicate plates were 
lysed directly in buffer containing 2% SDS and 5 mM fi~ 
mercaptoethanol and subjected to Western blot analysis to 
monitor expression of each hVDR mutant (data not shown). 
As shown in Fig. 3, the 52-kDa. polypeptides comprising wild- 
type (lanes 2 and 9) and S51T {Uine 4) hVDRs were phos- 
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Fig. 3. The role of position 51 and its flunking residues in 
the PKC-0-catalyzed phosphorylation of immunopurified 
hVDK. COS -7 cells were transacted with hVDR constructs ns indi- 
cated, or the pS3G5 vector alone Vane i), lysed, and immunoprecipi- 
tated. Antibody-bound hVDRw wer« then incubated with highly pu- 
rified PKC-0. The apparent molecular mass of human VDR (52 kDa) 
is indicated by fin arrow. When corrected for expression as determined 
by quantitative scanning of immnnohlots, the relative phosphoryla- 
tion intensities of mutant hVDRs compared with that of wild-typo 
receptor (average of lanes 2 and 9) is: lane l t 1.3%; lane. 3, 2,6%; lane 
4, 45.0%; lane 5, 6.0%; lane 6, 39.5%; lane 7, 2,5%; fan* 8, 6.2%. 



l*£\cTJ d^=S ^nd nonnau 2 ed"to expres- . 
tnl TheS5lG (fan. 5) and 9B1D (fan* « »^ 
showed <5% of wild-type phosphorylation and the S51A 
rnuunt also lacked detectable PKCmediated phosphoryla- 
aoXt.^ Mock transfection / » n 

<2% of wild-type .hVDR phosphorylation activity demon- 
Sating that the 52-kDa phosphopolypeptidc resulting from 
he t^ansfent transfection of pSGBhVDR expression vectors 
„ CO™ cells represents an authentic hVDR species 

The APRICGV mutation {lane 6) partially inhibited I PKO 
catalyzed hVDR phosphorylation, down to 40% of wdd-type 
after normalization to expression, suggesting that an intact 
conformation of the first zinc finger apparently » MQUifed 
for optimal substrate recognition of the nearby sermeM 
substrate site by the PKC-0 enzyme. In a previoui » report 
(Hsieh et al , 1991), we showed that alteration of serines 7, 9. 
S ? or 125 did not influence the level of h VDR phosphoryl- 
ation by PKC-0; these mutations provide a negative control 
to demonstrate that single alteration of selected amino acids 
in the NHa-terminal domain does not compromise serine si 
phosphorylation via gross changes in secondary or ternary- 
structure. To examine the influence of residues in the imme- 
diate vicinity of serine 51 on PKC phosphorylation of h\ DR 
we tested mutants in which the flanking positively charged 
amino acids were modified to uncharged or negatively charged 
residues. Based upon densitometry scanning and normaliza- 
tion to expression, the K5SQR54GK55E triple mutation <*ig. 
3 lane 7) dramatically reduces PKC-/? phosphorylation to 
<3% of wild-type, whereas the R49WR50G double mutant 
(lane 8) possesses only 6% of wild-type phosphorylation by 
PKC-tf These results confirm that positively charged residues 
on both the NH 2 - and COOH-terminal sides of a serine 
contribute to the recognition motif for PKC (Kennelly and 
Krehs, 1991). • " . 

DNA Binding Activity of HVDR Mutants- Preliminary re- 
sults (Hiiieh et aL. 1991) on the binding of the SSlG mutant 
hVDR to DNA via VDRE affinity chromatography proved to 
be variable and not reproducible. Therefore, to evaluate the 
DNA binding activity of wild-type and mutant hVDRs, a ge 
mobility shift assav in the presence of a mammalian cell 
nuclear extract was utilized to probe hVDR • VDRE complexes 
formed when whole cell extracts of transfected COS-7 cells 
were incubated with an authentic VDRE probe (CT5). After 
incubating » 2 P-labeled CT5 oligonucleotides with whole cell 
extracts from wild-type hVDR- transfected cells and resolving 
the products on nondenaturing polyocrylamide gels, two major 
complexes were observed (Fig. 4, lane 10). These two com- 
plexes are not present in mock-transfected cells {lane 12), 
and their formation can be inhibited by the specific anti-VDR 
monoclonal antibody 9My {lane 11), In addition, these com- 
plexes were competed by an excess of an unlabeled oligonu- 
cleotide CT5 {lanes S and 9). These data confirm that the two 
DNA-protein complexes represent specific high-affinity 
hVDR-VDRE interactions. Under the same conditions, S511 
(fane 4) and S51A (fane 7) hVDRs exhibited wild-type DNA 
binding activity, whereas the S51G (lane 5) and S51D (lane 
6) hVDKs did not show detectable binding to the VDRE. Tht 
basic region R^RSMKRKw is strictly required for the DNA 
binding of hVDR, because neither the internally deleted mu- 
tant, ARRSMKRK (lane 3), nor the R49WR50G (fane 2) anc, 
K53QRMGK55E (tone 2) mutants, displayed any comple* 
formation with the VDRE. These differences in DNA binding: 
activity were not the result of variable expression of thr 
mutant hVDRs, because Western blot analysis showed similar 
expression (Fig. 4B). From these observations, we conclude 
that* (i) the alteration of serine 61 to residues other thar. 
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FIG. 4. DNA binding analysis of wild-type and mutant 
hVDUs by gel mobility shift assays. A, n 32 P-labeled CT5 oligo- 
nucleotide (0,5 ng) containing the VDRE from the rat osteocalcin 
gene was incubated with rat liver nuclear extract (containing 1 jig of 
protein) and the whole cell extract (containing 1 vg of protein) from 
COS-7 cells transfected with wild-type (wt) or mutant. hVDRs as 
indicated. Lane 12 illustrates the reaction with extract from mock 
transfected cells plus rat liver nuclear extract. Lane 11 shows a 
preincubation of wild-type hVDR extract with a monoclonal anti- 
VDR antibody prior to incubation with the CT5 probe. Lanes 8 and 
9 show prior incubation of wild-type hVDR with 12- or 25-fold molar 
excess unlabeled CT5 for 15 min at room temperature. Arrows indi- 
cate the positions of hVDR VDRE complexes. B, expression of hVDR 
determined by immunoblot analysis. Ten pg of protein equivalents of 
each cell extract was loaded onto a \0% SDS-polyacrylamide gel, 
followed by Western blot analysis as described under "Experimental 
Procedures." The arrow indicates the migration position of hVDR at 
52 kDa. 

threonine and alanine, which are the conserved amino acids 
at this position in the known steroid/retinoid/thyroid hor- 
mone receptors (see Fig. 8), abolishes the DNA binding activ- 
ity of hVDR, (ii) the basic residues flanking serine 51 are 
absolutely required for hVDR DNA binding, and (iii) the 
presence of a constitutive negative charge in the position of 
serine 51 (S51D) precludes DNA binding and thus intimates 
that PKC-catalyzed phosphorylation of hVDR may negatively 
regulate its DNA binding activity. 

PKC-P Phosphorylates E. coli-expressed hVDH and Inhibits 
its DNA Binding, in Vitro— Recently, we have successfully 
overexpressed hVDR in E. coli and purified the protein to 
near homogeneity (Hsieh et at. t 1992). First, we determined 
whether E. co/i'-expresscd hVDR, like that expressed in COS- 
7 cells (see Fig. 3, Lanes 2 and 9), is an effective substrate for 
PKC-0 phosphorylation. To examine PKC-p* phosphorylation 
of E. coli- derived receptor, the expressed hVDR was incubated 
with PKC-jtf and [7- M P] ATP in solution, immunoprecipitated, 
and subjected to 10% SDS-polyacrylamide gel electrophoresis. 
The results shown in Fig. 5A, lanes 1 and demonstrate that 
both crude and purified E. co/i-expressed hVDRs are sub- 
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Fig. 5. PKC-0 phosphorylates E. coll- expressed hVDR and 
inhibits Us DNA binding activity, in vitro. A, phosphorylation 
of E. coli expressed full-length hVDRby PKC-.6\ in vitro. Cruoe (laru 
I ) and purified < lane a ) E. co/i-expressed hVDRs (2 pg) were incuoatct. 
with PKC-fl and 0 :,z P]ATP in solution at room temperature for 30 
min immunoprecipitated, and subjected to 10% SDS-polyacrylamide 
gel electrophoresis. Una 2 represents a purified hVDR incubation 
without PKC-0. B, PKC-0 phosphorylation inhibits hVDR binding 
to the VDRE, in vitro. The purified hVDR (200 ng) was preincubated 
with 1 mM ATP in the presence or absence of PKC-0 (5 units) a: 
room temperature for 50 min and then evaluated by gel mobility shit : 
assay in the presence of rat liver nuclear extract ns described m M*;. 
iA to determine the effect of PKC phosphorylation on DNA binding 
Arrow* indicate the positions of hVDR.VDRF. complexes. C. quan- 
titation of hVDR determined by immunoblotting in the presenc; 
{lane 2) or absence {land 3) of PKC-p\ 
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thev are BDecifically decreased in the presence of anti-VUK 
S^M^Sboi 9A7 Y> concomitant with the appearanc 
S a supershifted band. These results are """f^™* *f 
ohscwation that S51D hVDR exhibits a dramat.c loss m DNA 
u' a- „ «of;«itv <Fie 4) and suggest that one of the roles ot 

^£S£J^«™™* *> «™ te interaction 

with the VDRE by phosphorylating serine SI. 

VansarMvatian of a VDRE-Reporter Construct g, HVDR 
."Afutento-Transcriptional activation ^^^^"^R 
cells cotransfected with mutant or wild-type pSGohVLW 
VmZto^vectoTB and a reporter plasmid containing four 
copies of the VDRE upstream of the herpes simplex virus 
thymidine kinase promoter directing the transcription of the 
hGH gene (Terpening et a/., 1991). After transfection into 
COS-7 cells, transaction of the hGH gene was assayed by 
measuring the appearance of hGH in cell media. A "mpanson 
of transcriptional activity of the wild- type and mutant h\ DRe 
is shown in Fig. 7A. The results illustrate that mutations 
S51T SGlG, and S51D elicited approximately 55, 65, and 
90% inhibition of transcriptional activity, respectively. In 



strates for PKC-0 phosphorylation, in vitro. In the absence 
of PKC-0 there was no phosphorylated band apparent at the 
position of hVDR (Fig. 5A. lane 2). These results indicate E. 
coii-expressed hVDR retains the native conformation of the 
PKC-0 recognition site and also that no endogenous J^KU-ff 
or other VDR kinase activity exists in E. coli preparations. 
To investigate next the possibility that introduction of a 
negative charge in the position of serine 51 ^y attenuate 
hVDR DNA binding, purified E : coh'-expressed hVDR was 
preincubated at room temperature for 50 min in the presence 
or absence of PKC-£. and the ability of the receptor to 
associate with the VDRE was assessed by gel mobility shift 
assay. As shown in Fig. 5/3, treatment with PKC-0 appears 
to slightly attenuate specific DNA binding (compare lanes 2 
and 3, Fig. 5£). Note that the occurrence of the shifted 
complex is dependent upon the inclusion of hVDR in the 
reaction ([compare lanes I and Fig. 5i*). The observed DNA 
binding inhibition was not the result of differential hVDR 
degradation, as indicated by immunoblot analysis in this 
experiment (Fig. 5C). Because the reduction in hVDR- VDRE 
binding generated by incubation the receptor with PKC-0 was 
modest with 5 units of kinase (Fig. 5B), we repeated this 
experiment with 0, 4, and 8 units to titrate the effect of the 
enzyme. Fig. 6 depicts the results of this experiment, and it 
is clear that there exists a concentration-dependent inhibitory 
effect of PKC-0 treatment of hVDR on the ability of the 
receptor to retard the mobility of the labeled VDRE probe. 
Again, from the examination of immunoblots (Fig. GB), this 
decrease in DNA binding activity was not the result of deg- 
radation of the hVDR protein. Finally, as illustrated in lane 
4 (Fig. 6A), the shifted complexes contain hVDR, because 




A. 



Mil 




B. 



Fig. 6. Effect of PKC-/3 phosphorylation on the binding of 
E. coK-expressed hVDR to the VDRE, in vitro. A, purified E. 
co/i-expreased hVDR (200 n«) was preincubated with 0 (lane 1), 4 
(lane 2), or 8 (lane 3} units of PKC-j3 or hVOR-specific monoclonal 
antihody 9A7y in the absence of PKC-/? (lane 4) at room temperature 
for 50 min prior to a gel mobility shift aasay. Arrows indicate the 
poaitiona of hVDR-VDRE complexes. B, quantitation of hVDR by 
immunoblotting of the PKC-#-treated hVDR in A. [.ancs 1-3 repre- 
sent the earne order as in A. 
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Fin 7, Functional assessment of hVDR mutants. A, ability oi 
transacted hVDRs to activate transcription of a vitamin D-reepon- 
give human growth hormone reporter gene construct The indicated 
hVDR construct* (7.5 MR) were cotransfected into COS-7 cells alonfc 
with the reporter plasmid (CT4KTKGH (5 M g) containing four copier 
of an intact vitamin D-rosponsive element inserted upstream of the 
thymidine kinase promoter. Assay of secreted hGH was performed ai. 
described under "Experimental Procedures." Results represent the 
means of at least three experiments (± S.E.) in which each assay wa« 
performed in duplicate. B, Western immunoblot analysis to asses:, 
expression of each hVDU protein. Whole cell extract containing 4l» 
jig of protein was loaded onto each lane of the 10% S»S-r»lyacryl ■ 
amide ge: (lane I. WT; lane 2, S51T-. lane 8. S3lG; lane 4 t ^» 
5, S51A). Mock-transfected COS-7 cells possess u ndetcctable ' hVDf-; 
levels by immunoblot analysis (data not shown). C, 1,25- (OH) at H '> 
D-, hormone binding activity measured by the filter-binding tech- 
nique The results are representative of at least three separate exper - 
iments. Untransfected COS-7 cells express the low level of approxi- 
mately 1000 VDR molecules/cell when assayed by radioactive ligand 
binding (data not shown). 
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contrast. S51A retains wild-type hVDR transactivation ca- 
nacity, and this result is consistent with its wild-type DNA 
binding activity. These findings suggest that secondary struc- 
ture in the region of Ser" may be more relevant to transacti- 
vation than phosphorylation of that residue t per se 

The retention of a small residual activity (-35%) by the 
S51G mutant in spite of nondetectable DNA binding (Fig. 4 
may indicate a limitation in the conditions of the m vitro gel 
shift assay, such that results should be judged qualitatively as 
"all or none" rather than quantitatively. The transcript.onal 
activation results are probably reflective of the S51G mutant s 
true character, as they were performed in intact cells, rather 
than in an in vitro setting. , 
Immunoblot analysis (Fig. 723) confirmed that the observed 
transcriptional inhibition was not a consequence of a decrease 
in expression of any of the tested hVDR mutants. In addition 
1 26-(OHU s H]D 3 hormone binding values for wild-type and 
m utant"ece P tors (Fig. 1C) indicate that pSGShVDR-trans- 
fected COS-7 cells contain approximately 50,000 receptors/ 
cell (200 pmol/mg of protein) in all cases. Equivalent hormone 
binding is not unexpected, since the mutations were intro- 
duced in the NH 2 -terminal region and not in the uuun- 
terminal hormone binding domain of hVDR. Finally, to verify 
that the impaired transactivation potency of several ot the 
mutant hVDRs was not the result of defective nuclear local- 
ization, nuclear and cytoplasmic fractions from cells trans- 
fected with mutant or wild-type hVDRs were examined sep- 
arately for the presence of expressed hVDR by immunoblot- 
ting The results revealed that all hVDRs evaluated were 
present in significant concentrations in both the nuclear and 
cytosolic fractions (data not shown). However, wild-type, 
S51T, and S51G hVDRs partitioned with u slightly higher 
specific activity in the nuclear fraction, whereas the S51D 
mutant hVDR, as well as mutants with flanking basic /esidues 
replaced on the either side of serine 51 (R49WR50G and 
K53QR54GK55E), existed in slightly higher specific activities 
in the cytosolic froction (data not shown). Therefore, inser- 
tion of a constitutive negative charge at position ol, or elim- 
inating either of the flanking positive amino acid clusters, 
apparently blunted the nuclear transfer of hVDR to a small 
degree. This suggests that the basic region hc.tween ammo 
acids 49 and 55 is required for optimal nuclear retention of 
hVDR, but is neither the only nor the primary nuclear local- 
ization signal. Therefore, from all of the results above we 
conclude that the reduced transcriptional activities of b51 1 , 
S51G and S51D are not the result of (i) variable protein 
expression/stability, (ii) different l,25-(OH) s D 3 binding ac- 
tivities, or (iii) significantly different partitioning to the nu- 

CU Summary of Mutant hVDR Biochemical Properties— Table 
I presents a summary of the molecular characteristics of 
various mutant hVDRs altered in or around the serine 51 
residue; subcellular partitioning is not included, because it 
was not determined quantitatively. Most of these mutations 



between the DNA binding fingers of hVDR compromise both 
thrvDRE association and the transactivation capability of 
Se SorThe exception is S51A. which introduces an 
ala^ne resTdue characteristic of the glucocorticoid receptor 
andhs Solely related receptors. Many mutants lose DNA 
biding capacity in parallel with a reduction in transact Ra- 
tion intimating that an attenuation of VDRE association 
accountsTn part, for the diminished transcriptional activity 

Tf the- -utLt hVDRs. PKC P h °fP hor y lation - 0 /^tsted 
of hVDR does not correlate well with any of the tested 
parameters. It is markedly dependent upon basic residues 
surrounding serine 51, but apparently .s not absolutely re- 
qu red "or ^-(OHhD, hormone binding, VDRE binding or 
transactivation. The fact that substitut.on of alanine , at po- 
sition 51 mimics wild-type hVDR activity argues that the 
secondary structure of this basic region of the receptor is more 
significant to function than is Us phosphoryla ion by PKC. 
Therefore the basic region between the two zinc fingers ot 
hVDR may optimize nuclear localization and certamly part.c- 
Tpates in DNA binding, with the phosphorylat.on of serine 51 
acting as a reversible negative signal to block the DNA binding 
ability of hVDR. 

discussion 

The present data extend our previous observation that 
transfected hVDR is a substrate for PKC, both , ? vUro and 
in vivo, and that the unique site of phosphorylation by thi. 
k"nase if, serine 51 (Hsieh et al., 1991). In add.t.on to the 
™" observation that E. coK-expressed hVDR is phosphory I- 
ated by PKC -/J (Fig. M), we have also shown in a separate 
publication (Haussler et al., 1991) ^at purified J ^ulovirus- 
exoressed hVDR is phosphoryluted efficiently by PKC-0, u- 
ITorts, there JL little doubt that HVDR! I. £ -ubst.au, 
for PKC and that this reaction occurs in intact COS-7 cell.i 
Fig. 1A). Although wc are unaware of data on the relative 
Expression of PKC in COS-7 cells, PKCcatalyzed phos- 
phorylation of hVDR accounts for up to 60% of the basal 
phosphorylation of hVDR in these cells during a 4-h incuba 
tion, and this postradiational modification appa™tly » .™ 
stimulated by exposure of the cells to the l,25-(OH),D 3 hor- 
monal ligand (Fig. IA). However, we have previously dem- 
Tsuated enhanced hVDR phosphorylation at serine 51 when 
CV-1 cells are treated with a phorbol ester activator of PKC 
(Hsieh et al, 1991). consistent with PKC-medmted mocl- 
fic.tion of hVDR is the finding that alteration^ of basic 
residues on either flank of serine 51 attenuates hVDR phos- 
phorylation (Fig. 3), presumably by disrupting the recognit on 
motif for the PKC enzyme, the optima. 

consists of two separate positively charged regions that "trad- 
die the phosphorylated serine or threonine (see Kennelly and 
Krebs, 1991 and references therein). 

The major focus of the current study was to further evaluate 
PKC phosphorylation of hVDR in terms of its biochemical 
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function. Inactivation of the PKC phosphorylation stte in 
hVDR by site-specific mutagenesis caused a spectrum of 
reductions in transcriptional activity (Fig- 7* T able 1 al- 
though no correlation between phosphorylatabihty and tran- 
scripUonal activity was found. In fact, attempting to rnim c 
the negative charge of phosphoserine at residue 51 by msert- 
Z an g aspartic acid failed either to generate a oonstitutively 
active hVDR or to regenerate the transcriptional activity ot 
wild-type hVDR; instead this substitution rendered the recep- 
tor a poor binder of DNA (Fig. 4A) and a very weak transac- 
tivntor (Fig. 1A ). Such a result is not without precedent, since 
both the CREB transacting protein (Gonzalez and Montrnmy, 
1989) and the human androgen receptor (Kemppainen et aL, 
1991) are known to be phosphorylated at specific residues, 
and yet their transacting capacities are not retained by the 
insertion of constitutively negatively charged ammo acids. In 
the case of CREB, mutation of the serine 133 protein kinase 
A site to aspartic acid did not create a constitutively active 
transcription factor (Gonzalez and Montminy, 1989). Simi- 
larly, when serine 735 in the human androgen receptor, which 
is phosphorylated by an unknown kinase, is replaced with 
either glutamic or aspartic acid, both high affinity androgen 
binding and transactivation are lost (Kemppainen et aL, 
1991). Therefore, the consequences of phosphorylation ot 
transcription factors such as hVDR may be more complicated 
than the mere presence of a negative charge Reversibility via 
phosphorylation/dephosphorylation could be essential to a 
cyclical mechanism of action. Alternatively, phosphorylation 
may mediate specific protein-protein interactions not simu- 
lated by the introduction of a negative charge. Phosphoryla- 
tion could also influence the conformation ot regions of the 
target protein either adjacent in the primary sequence, as is 
the case in CREB (Yamamoto et aL, 1990), or nearby in the 
tertiary structure. Finally, phosphorylation could represent a 
negative regulatory loop, as it does in the case of c-myb 
(Luscher et aL, 1990) and of myogenin (Li et aL, 1992). • 
The relevance of serine 51 in hVDR can also be inferred 
from a comparison of the residues in this position in members 
of both subfamilies within the steroid/thyroid/retinoid hoy- 
mone receptor superfamily (Reato, 1989). A phosphorylatable 
serine or threonine residue exists in the appropriate position 
in every member of the hVDR subfamily described to date, 
represented in Fig- 8 by the human receptors for vitamin D, 
retinoic acid, thyroid hormone, and estrogen. Indeed, a com- 
parison of 20 members of the superfamily (Koelle et aL, 1991 
and references therein), including several receptors whose 
ligand is unknown, indicated that 16 receptors contained a 
serine or threonine residue at the corresponding position, 



hVDR Subfamily 

hVDR c E G C 

hRRo C E G C 

hTRp C E G C 

hER C E G C 

hGR Subfamily 
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Fio. 8. Comparison of the regions surrounding the site of 
PKC phosphorylation In hVDR with the analogous sequences 
in other members of the steroid receptor superfamily. The 

sequence from Cys 41 to residue 61 in hVDK is shown, and \ boxed 
residues indicate the position corresponding to serine 51 in hVIJK. 
Sequences illustrated are from top: hVDR (Baker et a/., 1988); hRRa 
(Giguere et aL, 1987); hTR/3 (Weinberger ct aL, 1986); hER (Green et 
oL 1986); hGR (Hollenberg et nl., 1985); hPR (Misrahi et of., 1987); 
hMR (Arriza et aL, 1987); hAR (Lubahn et aL, 1988). The sequences 
depicted represent the COOH-tcrminal region of the first zinc ringer. 



m&Mwm 

ionfe? specific high affinity DNA binding activty upon 

^Indeed when we introduced an alanine, rather than a 
Jdne at position 51 of hVDR, corresponding to the residue 
P S e nt 2 the GR subfamily, the result *» a . receptor with 
essentially wild-type capacity for transactivation and DMA 
„ind"n g Thus, alanine appears to preserve transcnp .onal 
Activation and DNA binding by the hVDR whereas gly ne 
cannot suggesting that some factor other than availabiUy 
for DhOsphSation may be important at this position. When 

using Chou-Fasman computer .«^« <P^£" ° ' s 
i<MU> it was found that the residues in this region possess 
^potenTial to form an a-helix (data not shown) Structural 
dominations by NMR and i x-ra> ^"S^^* 
OR (Hard et ai, 1990; Luisi et ai, 1091) and ER (Schwabe et 
ol . 1990) have demonstrated the existence of an a-he heal 
structure extending from the 2 cysteines at f ^ R 8 

through the position equivalent to residue 51 in the hVDR. 
in addition, it has recently been shown that . lanm > has a 
much greater propensity for maintaining an u-hehx ^than does 
Sycine (Chakrabartty et ai. 1991; Serrano et «M9 « • More- 
over threonine is less able than serine to mamta.n this 
Zctu^ossibly explaining why the 

fully restore transactivation capacity in intact cells. Jaker, 
together, these observations lead to the conclus.on that an a- 
helix in this region is important for the transcriptional acti- 
vation function of receptors in the superfamily _ and that 
insertion of a residue such as glyc.ne which could ^"P"™" 
structure is detrimental. The effects of serine 51 Phosphoryl- 
ation on the a-helix are unknown and may warrant furtne. 

investigation. . . , ■ 

One preliminary finding in our experiments is that th-. 
region RRSsiMKRK seems to contribute to nuclear localiza- 
tion of hVDR (data not shown). However, our data reflect 
overexposed receptors, and it is likely that the high levels 
of hVDR required to carry out subsequent biochemical exper- 
iments such as phosphorylation reactions and gel mobility 
shift analysis cause saturation of nuclear sites with excess 
receptorpartitioning to the cytosol. Therefore, more definitive 
studies employing immunochemical technologies wjtn 
normal endogenous levels of hVDR and us mutant forms 
must be completed in order to draw firm conclusions. Never- 
theless, this bipartite cluster of basic residues is most evident 
in hVDR as compared with other steroid receptors (Fig. 8). it 
resembles other nuclear translocation signals, although it do< s 
not fit well with one interpretation of such sequences which, 
invokes a spacer of 10 amino acids between the basic regions 
(Dingwall and Laskey, 1991). However, an intriguing fact is 
that phosphorylatable serines or threonines very often exiut 
within or adjacent to such basic nuclear localization B.i- 
quencea. tempting us to speculate that the rate of nuclear 
import of hVDR, like other nuclear proteins, is regulated by 
phosphorylation (see Dingwall and Laskey, 1991 and refer- 
ences therein). One could theorize that such a control by PKC 
would limit transactivation by l,25-(OH) 2 D 3 during certain 
periods of cell growth and differentiation. 

Because of the location of serine 51 between the two zinc 
fingers and in the midst of a bipartite basic cluster it is also 
likely that this region of hVDR plays a role in DNA bindirg. 
In fact, a natural mutation of arginine 50 to glutamine has 
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K«n rpnorted in a patient with hereditary resistance to 1 25- 

Sic ion of . ^rt™ , Sru" 

: ; uvnp a ooor binder of the VUKfc {rig. w?, 

0 hvh £av be the fesulf o? charge repulaion by the phosphate 
£ Lro^niost imporfandy. we show here ir, ^ect 

^^^^ 

receDtor to bind to the VDRE (Figs. 5 and 6). Precedents for 

~a nNA QPnuence in many muscle-specific genes, nas 
b7cnLndt beThosphorylated" by PKC in its DNA binding 

through loss of DNA binding activity (L. «t . . J«£/£ f 
thnLh reouiring further proof, we can extend this line 01 
SwitaTtHSsuUt. that the actual purpose of senne ,51 
reasoning to ^ a negatlve reg u- 

^^T^SX oL, and perhaps also to jjunt 
L,.Xr „ntake This would provide a powerful "cross-talk n 
which ^ acUvatoVs of PKC could silence hVDR and poss.b y 
SJSt of the hVDR subfamily in their ability to 
regulate specific gene transcription. 
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Phorbol Ester TYeatme.it Increases the Exocytic Rate , of the ^nsfemn 
Receptor Recycling Pathway Independent of Serine-24 PhosphorylaUon 

Timothy E. McGraw, Kenneth W. Dunn, and Frederick R, Maxfield 

ncpartmentofPathoiogy.Columbia University College ofPhysici.ns and Surgeons, New YorV, Ne, York 10032 



Abstract. In Chinese hamster ovary (CHO) fibroblast 
cells the protein kinase C activating phorbol ester, 
phorbol myristate acetate (PMA), stimulates an in- 
crease in cell surface transferrin receptor (TR) expres- 
sion by increasing the exocytic rate of the recycling 
pathway. The human TR expressed in CHO cells is 
similarly affected by PMA treatment. A mutant human 
TR in which the major protein kinase C phosphoryla- 
tion site, serine 24, has been replaced with the non- 
phosphorylatable amino acid glycine has been con- 
structed to investigate the role of receptor 
phosphorylation in the PMA induced up-regulation. 
The Gly-24-substituted receptor binds, internalizes, 
and recycles Tf. Furthermore, the altered receptor 
mediates cellular Fe accumulation from difcrric-Tf, 



thereby fulfilling the receptor's major biological role. 
The Glv-24 TR behaves identically to the wild-type 
TR when cells are treated with PMA. Therefore, Ser- 
24 phosphorylation is not required for the PMA- 
induced redistribution of the human TR expressed in 
CHO cells. The increased TR expression on the cell 
surface after PMA treatment results from an increase 
in the rate of exocytosis of the recycling receptors. No 
change in the endocytic rate or the size of the recy- 
cling receptor pool was observed. These results indi- 
cate that the PMA effect on the TR surface expression 
may result from a more general perturbation of mem- 
brane trafficking rather than a specific modulation of 
the TR. 



Iron uptake in mammalian cells is mediated by transfer- 
rin receptor (TR) 1 endocytosis. Diferric transferrin (TO 
binds to the TR and is internalized by receptor-mediated 
endocytosis. Tf releases iron upon encountering an acidic in- 
tracellular vesicle pool. The apoTf-TR complex is recycled 
back to the cell surface to mediate further rounds of endocy- 
tosis (for review see Hanover and Dickson, 1985, and Hue- 
bcrs and Finch, 1987). The features of the TR responsible 
for internalization and recycling have not been identified. 

The steady-state TR distribution between intracellular 
pools and the cell surface is altered by treatment with poly- 
peptide hormones and chemical mitogens (Buys et al., 1984; 
Davis and Czech, 1986; Davis et al., 1986a; Fallon and 
Schwartz, 1986; Klausneretal., 1984; May ct a!., 1984; May 
et al., 1985; Tanner and Lienhard, 1987; Wiley and Kaplan. 
1984). The ellect is cell line and treatment dependent. For 
example, in the K562 human erythroleukemia cell line phor- 
bol 12-myristate 13-acetate (PMA) causes a rapid decrease 
in cell surface TR expression (Klausner ct a!. . 1984), where- 
as in mouse tumor macrophage- like cells, J774, PMA causes 
an increase in cell surface TR expression (Buys et al., 1984). 
Since PMA treatment also induces a reversible hyperphos- 
phorylation of the TR, it has been proposed that TR phos- 
phorylation is involved in regulating the TR distribution 

^Abbreviations used in this paper. PMA, 12-phorbol 13 myristate acetate; 
Tf, transferrin; TR, transferrin receptor. 



(Klausner et al.. 1984; May et al., 1984). The cytoplasmic 
Ser-24 residue of the human TR has been identified as the 
site of PMA-activated protein kinase C phosphorylation 
(Davis et al., I986fc). By in vitro site-directed mutagenesis 
of the cDNA clone of the human TR the role of TR phos- 
phorylation in regulation of TR distribution can he inves- 
tigated. 

Two groups have recently shown that Ser-24 phosphoryla- 
tion is rot required for endocytosis or recycling of the TR 
(Rothenberger et al., 1987, Zerial ct al., 1987). In both 
studies (he TR was transfceted into cell lines expressing en- 
dogenous receptor. Tb follow the behavior of the transfceted 
receptor, in the background of endogenous receptor, it was 
necessary to either express high levels of the transfected TR 
(approximately 10-fold over endogenous levels) or to use 
specific anti -human-TR antibodies as a marker for the TR. 
In neither case was it possible to study the TR behavior using 
Tf as a marker in clonal cell lines expressing a typical num- 
ber of TR. 

To circumvent the difficulties presented by the endogenous 
TR background we have developed a heterologous system in 
which to study the behavior of in vitro mutated human TR 
(McGraw et al., 1987). We have isolated TR-variant Chinese 
hamster ovary (CHO) cells (termed TRVb cells) that, due 
to a defect in the endogenous TR, do not bind detectable 
amount;; of Tf. Wc have used these cell lines as recipients of 
a cDNA clone of the human TR and have shown that the hu- 



© The Rockefeller University Press, 002 J -952 5/88/04/ 1061/6 $2.00 
The Journal of Cell Biology. Volume 106. April 1988 1061-1066 



1061 



J UN. 1 4 * 04 (MON) 09 : 0£ 



COMMUNICATION No. 



FACE 



14706 '04 16:19 FAX 3292415089 



CROPDESIGK N.V. 



man TR expressed in TRVb cells behaves similarly to the 
hamster TR in wild-type CHO cells. The advantage of using 
this system for structure/ function studies of the TR is that the 
behavior of the receptor can be characterized without inter- 
ference from endogenous TR activity. This allows the use of 
Tf as a marker for the receptor in cell lines expressing a typi- 
cal number of transfected TR. Furthermore, the biological 
function of the transfected receptors (that is, uptake of Fe via 
TO can be directly assessed without interference from en- 
dogenous receptor. . 

In this paper we report the characterization of the behavior 
of the human TR in which Ser-24 has been replaced with the 
nonphosphorylatable amino acid, Gly. The mutant receptor 
binds Tf internalizes, and recycles similarly to the wild-type 
human receptor expressed in TRVb cells. We also show that 
PMA induces a rapid increase in cell surface expression of 
the hamster TR in CHO cells, as well as the human TR ex- 
pressed in TRVb cells, by increasing the exocytie rate of the 
TR recycling pathway. Phosphorylation of Ser-24 is not re- 
quired for the PMA effect since the Gly-24 substituted recep- 
tor is similarly affected by PMA treatment. 

Materials and Methods 
Cells and Cell Culture 

WTB celts were used as the wild-type CHO cells (Thompson and Baker. 
ITO). The isolation and characterization of (he TR-varianl CHO cell line, 
TRVb and the TRVb cell line transfected with the human TR, TRVb-l, huve 
been described previously (McGraw ct al.. 1987). Cells were maintained 
in Ham's nutrient FI2 medium (Gibco, Grand Island, NY) supplemented 
with 5% FCS at 37°C in a humidified atmosphere of 5% C0 2 in air. Trans- 
fecunt cell lines were carried in medium containing 200 ng/ml G-418 
(Gibco). Single cell colony lines were Isolated by two rounds of cloning ring 
colony purification. 



fer 10 min This acid wash insures that all surface bound l»M)Tf is re- 
moved IV ccUs w Cr c then washed with ice cold med I and cc^associated 
^fe^Zicd after solubilization of the flayers. Desftrroxa- 
mine was included in the incubations to ensure that apo-Tf reload from 
the cell was not re -iron loaded. 

Construction of Mutant TR 

The -4.9 kb Bam HI insert fragment of the cDNA clone of the h«niar. TR 
irOTR (McClelland et al.. 1984) was transferred to the Bam HI site of 
F^^ ™**k in which the Hind III site had bee, , el«. 
In this construct, pTMlOOS, the insert is oriented with the 5 end of the ™»- 
age d^iu to the Eco RI site of PV« l™^^^ r "J 
sites, one i.t 911 bp of the coding region ot the insert .tad Xhi o her a<£8 
kb of the non-coding region of the cDNA clone (McClelland et al., L984) 
pTMlWs'vas partially digested with Hind 111 and the lincanzed fragment 
(~77 kb) was gel purified, the Hind Hi ends were flUed-m by treatment wuh 
Klcnow blunt-enri Itgated and transformed into Escherichia colt slra.n 
JMI09 Single colonies were purified and the DNA analysed by restriction 
d^estion. A clone was selected in which the Hind I HI site in the non-coding 
region had been inactivated. This construct, pTMlOlO, retained uie H nd U 
Ue in the coding region. The -1 kb Eco RI (site in pUC8 sequences -Hind 
m C Silent of pTMlOlO was transferred to Eco W .«,nd I« digc«» 
MI3mpl3. This fragment contains the coding sequences for he NHi termi- 
nal 273 amino acids of the TR, including the 61 ammo-acid NH 3 terminal 
cytoplasmic tail, the putative membrane-spanning region and 183 ammo 
acids of the extracellular portion of the receptor. A synthetic oligonucleo- 
tide 3'-Gt3GCCAAGCCGGACCG-5\ in which the codon for Ser-24 has 
been replaced with the codon for Gly was used as primer for -in vitro s.te- 
directed mutagenesis after the procedures of Zoller and Smith (1982) with 
the modifications of Kunkel (1985). The nucleotide change was conhr med 
bv Sanger sequencing across the mutated site. The mutated Eco R3-Hinc III 
fragment was isolated from the replicative form of MB and was reinserted 
into pTMlOlO replacing the wild-type Eco RI-Hind III fragment. Transec- 
tion of TRVb cells was performed as previously described (McGraw, et al. , 
1987) For transection the Bam HI cDNA insert was mixed with Bam HI 
vccior fragment of pCDTRl and uncut pSV3-Neu. The cDNA plasnwd 
pCDTRl only gives transfectants when the insert is released by Bam MI 
digestion' I'McGraw et al.. 1987). We found thai inclusion of the Bam HI 
vector fragment of pCDTRl increases the TR positive transition fre- 
quency. In this transaction scheme ihc promoter used for TR expression is 
unknown. 



Ligands 

Human Tf (Sigma Chemical Co., St. Louis. MO) was further purified by 
Sephucryl S-300 gel filtration. Differic Tf, fluorescein Tf, and [™l\T( 
were prepared as previously described (Yamashiro el al., 19S4). ^FcCl.i 
was purchased from New England Nuclear (Cambridge. MA). Tf* v Fe; 
was prepared by the nitrilotriacctic acid method (Klausncr et al., 1984). 
Fluorescein-Tf uptake and immunofluorescence were performed as de- 
scribed previously (McGraw, et al., 1937). The human specific anti-TK 
monoclonal antibody B3/25 was purchased from Mannheim Biochcinicals, 
(Indianapolis, IN). 

Assays for PMA Effect on TR Expression 

Approximately I x 10 3 cells were plated per 35-mm well of 6 well plates 
2 d before use. For surface- binding studies the cell monolayers were 
washed three times with med I (150 mM NaCl. 20 mM Hepcs, pH 7.4. 
I mM CaCU, 5 mM KCI. I mM MgClj, 10 mM glucose), and incubated 
in med I for 30 min at 37 °C in air. The cells were treated with 100 nM PMA 
(Sigma Chemical Co.) for specified periods of time. The cells were then 
washed twice with ice cold med 1, incubated with 2 \xg/m\ l ,i5 I]Tf, 2 mg/ 
ml ovalbumin at 4°C for 2 h. The cells were washed five times at 4°C with 
med 1. solubili7.cd with 0.1% Triton X-100 in 0.1 N NaOH, and counted in 
a gamma counter. Nonspecific binding was determined by incubation in the 
presence of a 500-fold excess of unlabeled Tf. Nonspecific binding was 
generally less than 5% of total binding. Each experiment consisted of three 
experimental and three competition wells. 

The Tf washout assay was performed by washing cell monolayers twice 
with med I and incubaling with 2 ng/ml ('"lJTf, 2 mg/ml ovalbumin for 
60 min at 37*C The cells were rapidly washed lhre« limes with med 1 con- 
taining 50 uM desferoxamine (Ciba-Geigy Corp., Greensboro, NC) and 
further incubated in med 1 containing 30 |iM desferoxamine with or with- 
out 100 nM PMA. At the specified limes the medium was aspirated and the 
cells were incubated on ice with 280 mM sucrose, 50 mM MES (pH 5.0) 



Results 

PMA Effects an Increase in Cell Surface TR 
Expression in CHO Cells 

Treatment of CHO cells with PMA causes a rapid increase 
in cell surface TR expression, as measured by an increase 
in [ ,25 IJTf binding at 4°C (Fig. I). After a 5-min incubation 
with 100 nM PMA, [ l2S I]Tf surface binding increases by 
30-50% . The effect is complete within 5 min, as longer incu- 
bations with PMA have no further effect on [ 12! l]Tf surface 
binding, Since CHO cells respond to PMA treatment by 
modulating the cell surface expression of the TR, these cells 
can be used as a recipient cell line for studying the role of 
phosphorylation in regulating cell surface TR expression. 

We have isolated TR-variants of CHO cells (TRVb) which 
do not express detectable TR (McGraw et al . , 1987). We have 
transfected a cDNA clone of the human TR into TRVb cells 
(the transfected cell line termed TRVb-l) and have shown that 
the transfected human TR behaves similarly to the hamster 
TR (McGraw etal., 1987). The cell surface expression of the 
human TR of TRVb-l cells is rapidly increased after PMA 
treatment, in a fashion similar to the up-regulation of the 
hamster TR in CHO cells (Fig. 2 a). This PMA effect is 
dose-dependent, with a half-maximal dose of ~20 nM (Fig. 
2 b). The PMA effect appears to be mediated by protein ki- 
nase C activation since treatment of TRVb-l cells with 100 
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Figure I. Time course of the 
PMA effect on cell surface 
TR expression in CHO cells. 
CHO cells were treated with 
100 nM PMA in med 1 at 37°C 
for 5-30 min. The cells were 
cooled to 4°C, and [ t2i IJTf- 
binding was measured. The re- 
sults shown are the mean ± 
SEM of l ,2i I]Tf-bihding rela- 
tive to untreated cells in four 
separate experiments. 



nM 4-alpha-phorbol, a phorbol ester which does not activate 
protein kinase C, did not alter the cell surface TR expression 

(not shown). b t „ . 

PMA treatment of TRVb-1 cells docs not alter the affinity 
of the human TR for Tf. Scatchard analysis of [ ,25 UTf 4°C 
binding to TRVb-1 cells treated for 10 min with 100 nM PMA 
revealed a 35% increase in surface binding with no signifi- 
cant change in the dissociation constant. In control cells the 
K„ was measured as 1.50 ± 0.1 nM; and after pretreatment 
with 100 nM PMA for 10 min the K d was measured as 1.48 
± 0.02 nM Kd (mean ±SD of three experiments). 

PMA Stimulates an Increase in the Exocytic Rate 
of the TR Recycling Pathway 

Since the PMA effect on surface expression of TR is rapid 
it was unlikely that the effect was a result of the synthesis of 
new receptors, Rather, it was more likely that PMA was in- 
ducing a redistribution of existing TR. Surface expression 
could be increased by recruitment to the cell surface of intra- 
cellular TR either from the recycling pool of receptors (that 
is, altering the kinetics of recycling) or from a distinct pool 
of noncycling receptors (that is, increasing the size of the re- 
cycling pool). To distinguish between these possibilities the 
size of the recycling pool of TR was measured. TRVb-1 cells 



were incubated for 60 min at 37'C :w,th 2 Mg/nJ ['^Ti to 
equilibrate the recycling pools of TR with [«» ]Tf. The cell 
were then incubated for an additional 15 min m 2 ug/ml 
pwim with or without 100 nM PMA. The cells were 
washed and total cell-associated [«I]TT r^ d fS^ 
There was no difference in total cell-associaced I M]Tf be- 
tween cells treated with PMA and control cells. This result 
suggests that PMA is inducing a redistribution of TR m the 
• recycling pool, since the total number ot recycling TR was 
not increased by PMA treatment. ; , 

increased cell surface TR expression could result from an 
increase in the exocytic rate (movement of intracellular re- 
ceptors back to the cell surface) or a decrease in the rate or 
internalization. Since apo-Tf returns to the cell sunace witn 
th- TR it is possible to characterize the rate oi return or the 
TR to the cell surface by following the release of apo-Tf from 
the cell To examine the effect of PMA treatment on the exo- 
cytic rate, cells were preincubated with ['«HTf to equili- 
brate the intracellular recycling pool of receptors with Tl. 
The cells were then washed free of unbound Tt ana further 
incubated with or without 100 nM PMA, At various nines 
the cells were washed to remove any released apo-Tf, and 
cell-associated radioactivity was determined. PMA treat- 
ment results in an increase in the rate of externahzation of 
apo-Tf (Fig. 3). The calculated rates are presented in Table 
I The rate of return of the human TR expressed in TRVb-1 
celts is increased by a factor of 1.36 ± 0.05 (mean ± SO of 
four separate determinations). PMA affects the exocytosis of 
the hamster TR similarly, increasing the exocytic rate by a 
factor of about 1.50 ± 0.2 (mean ±SD of three separate de- 
terminations; Fig. 3, Table I). We have reported previously 
that the basal recycling rate of the hamster TR is faster then 
that of the human TR expressed in TRVb cells (Table I, 
McGraw et aL, 1987). The increase in the rate of exocytosis 
correlates well with the increase in cell surface TR expres- 
sion observed after PMA treatment (Figs. 1 and 2), suggest- 
ing that the increased surface expression is due to the effect 
on the recycling rate. 




Figure 2. PMA effect on cell 
surface expression of the hu- 
man TR in TRVb-1 cells. 
TRVb-1 is a CHO cell line, 
deficient in the expression of 
functional hamster TR. which 
expresses a cDNA clone of the 
human TR. A is a time course 
of the PMA effect on surface 
expression of the human TR. 
The cells were treated with 
100 nM PMA in medium I at 
37°C. The cells were cooled to 
4°C and ['"IjTf-binding was 
measured. The results shown 
are the mean ± SEM of three 
separate determinations of [ 125 I] 
Tf-hinding relative to un- 
treated cells. B is a dose- re- 
sponse curve of the PMA ef- 
fect on cell surface TR expression. The cells were treated with 
PMA for 10 min. Surface l ,Z5 HTf-binding was determined as in A. 
The results presented are the means of three determinations ± SEM 
from a represcntive experiment. 






Figure 3. PMA effect on TR 
exocytosis in TRVb-1 and CHO 
eel is. The rates of l !25 IjapoTf 
release from TRVb-1 {A) and 
CHO cells (B) were calcu- 
lated as described in Materials 
and Methods. The percent of 
total cell-associated [ ,25 l]Tf 
remaining is plotted vs. time. 
The results presented are oi 
representative experiments and 
are the means of triplicate de- 
terminations. A are TRVb-1 
cells: ((J) no treatment; (■; 
100 nM PMA treatment. Bare 
CHO cells: (□) no treatment: 
(■) 100 nM treatment. 
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Table L The Effect o/PMA Treatment on the Exocytic Rates 
of the Recycling Pathway of TR 



Cell line 



TR expressed 



Exocytic rule of recycling 
min - ' 



CHO Hamster TR 

TRVb-1 Human TR (Ser-24) 

TRVb-GlyA Human TR (Gly-24) 

TRVb-GlyB Human TR (Gly-24) 



No PMA 
0.060 ± .006 
0.032 ± .003 
0.042 ± .002 
0.040 ± .003 



100 nM PMA 
0.090 ± .001 
0.044 ± .002 
0.053 ± .004 

o;o5i ± .001 



The exocytic rates were determined by calculating the slope of a plot of the log 
of the loss of cell-associated [ ,: MjTf vs. time. The valuer presented are the 
mean rales ±SEM of at least three separate experiments. 



The effect of PMA on the internalization rate of Tf was ex- 
amined using the steady-state procedure of Wiley and Cun- 
ningham (1982). In two separate experiments the rate of 
[ l25 l]Tf internalization in TRVb-1 cells was not significantly 
affected by PMA treatment. Together with the measured 
effect on exocytosis and the lack of a change in the size of 
the recycling receptor pool, these data show that the in- 
creased TR surface expression is a result of an increased rate 
of exocytosis. 

TR Ser-24 Phosphorylation is not Required 
for Receptor Functioning 

PMA-activated protein kinase C has been shown to phos- 
phorylate the human TR on the cytoplasmic residue Ser-24 
(Davis et al., 1986/?). To investigate whether Ser-24 phos- 
phorylation is required for the PMA induced redistribution 
of the human TR expressed in CHO cells, we constructed an 
in vitro mutagenized receptor in which Scr-24 has been 
replaced with the nonphosphorylatable amino acid, Gly. The 
mutated cDNA clone was transacted into TRVb cells and 
two independently derived cell lines were isolated: TRVb- 
Gly24A and TRVb-Gly24B. 

The Gly substitution for Ser had no major effect on the be- 
havior of the transfected receptor. Scatchard analysis of 
[ 135 I]Tf binding at 4°C to these cell lines demonstrated that 
the Gly substitution did not affect the affinity of the TR for 
Tf (Table II). The two transfected cell lines express different 
numbers of the human TR, although neither varies greatly 
from the 60,000 hamster TR expressed in CHO celis. 

Both the patterns of internalization of fluoresce in-labeled 
Tf and the immunofluorescent localization of the receptor 
with the anti-human TR receptor monoclonal antibody B3/25 
demonstrate that the Gly-24 TR is processed by the cell in 



Table II. Dissociation Constants and Surface Expression 
of Cell Lines Transfected with Wild Type and Mutant 
Human TR 



Cell line 



TRVb- 1 

TRVb-GlyA 

TRVb-GlyB 



K., 

nM 

1.5 ± 0.1 
2.4 ± 0.7 
1.4 ± 0.3 



Rcceplors/ecll 



140,000 ± 12,000 
35,000 ± 10,000 
90,000 ± 10,000 




Figure 4. -*Fe accumulation 
in TRVb-1, TRVb-GlyA, and 
TRVb-GlyB cells. TRVb-1 
(■), TRVb-GlyA (♦). TRVb- 
GlyB (a), cells were incu- 
bated with 2 ug/ml Tf 39 Fe 2 
at 37°C. Cell-associated 59 Fe 
was determined by solubiliz- 
J ™ ,nvr - } ing the monolayers after wash- 

ine The data is presented as *Fc accumulation (cpm) per 1 ± 10 6 
cells. Nonspecific w Fe accumulation was determined by tncubation 
in the presence of a 500-fold excess of unlabeled Tf. 

a fashion indistinguishable from that of the wild- type recep- 
tor at the level of resolution of light microscopy (not shown). 

The exocytic rate of the recycling pathway is shown in Ta- 
bic I for the two cell lines containing the altered receptor. 
P 25 I]Tf internalized by the two cell lines expressing the Gly- 
24 receptor is recycled and released from the cells with ki- 
netics somewhat faster than that of the wild type receptor 
expressed in TRVb-1 cells (Table I). We do not know if the 
variation in basal exocytic rates in the cell lines shown in Ta- 
ble 1 reflects clonal variation among cell lines or it there is 
some receptor sequence effect. 

The Gly-substituted receptor functions in delivery ot iron 
to the cells. The mutant receptors accumulate 59 Fe from 
f 5v Fe 2 ]Tf at a rate approximately proportional to the level of 
receptor expression (Fig. 4). Since the Gly substitution docs 
not affect the behavior of the TR in any of the above respects, 
it can bo concluded that Ser-24 phosphorylation is not re- 
quired for the normal functioning of the TR. 

Although Ser-24 phosphorylation is not required for the 
normal functioning of the receptor, it could be required for 
the PMA-induccd redistribution. To investigate this possibil- 
ity, the effect of 100 nM PMA on the exocytic rate of the Gly- 





The dissociation constants and surface receptor expression were calculated by 
Scatchard analysis of 4'C ( ia I|Tf binding. The resuhs represent the mean 
±.SD of at least three difl'erenl experiments. 



for 2 
bindi 



Figure 5. PMA effect on the 
exocytosis of Gly-24 substi- 
tuted human TR. The rates of 
l ,:5 l]apoTT release from TRVb- 
Gly24A and TRVb-Gly24A 
cells were calculated as de- 
scribed in Materials and Meth- 
ods. The percent of total cell- 
associated [ i:s I]Tf remaining 
is plotted vs. time. The results 
presented are of representa- 
tive experiments and are the 
means of triplicate determina- 
tions. A are TRVb-GlyA cells: 
(n) no treatment; (») 100 nM 
PMA treatment. B are TRVb- 
GlyB cells: (□) no treatment; 
(■) 100 nM treat mem. (C) 
PMA effect on TR surface ex- 
pression measured by ['"IJTf- 
binding at 4°C. The cells, 
TRVb-1; a, TRVb-GI>24.\; 
©, TRVb-Gly24B; were incu- 
bated with 100 nM PMA for 10 
min then cooled to 4°C and in- 
cubated with 2 ug/ml [ ,2 M]Ti 
h. Hinding after PMA treatment is presented relative to control 
ing. The results are the means of three experiments ± SD. 
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Figure 6. Immunoprecipita- 
tion of PMA-stimulated phos- 
phorylation of the wild-type 
human TR from TRVb-1, and 
T33 G&3 z;U- - BCa the Gly-24-substituted recep- 
■ ^ tor from TRVb-Gly24A and 

TR "~ . ■ ■ TRVb-Gty24B cells. Cells 

were incubated with 1.0 mCi/ 
ml ["Pjorthophosphate for 4 h. For PMA treatment 100 nM PMA 
was added for the final 30 min of the labeling incubation. The cells 
were lysed and an equal number of TCA precipitable counts from 
each lysate were used for the immunoprecipitation. The TR was 
precipitated wilh the human TR specific monoclonal antl ^>' 
B3/25 after a previously described procedure (Lipsich el al . , 1983). 
50 uM Na 3 V0 4 was present in the lysis and immunoprecipitation 
buffers to inhibit phosphatases. After boiling the immunoprecip- 
itates in sample buffer, one-half (by volume) of the total immu- 
noprecipitaied protein from each lysate was loaded per lane of 
a 7.5% SDS-polyacrylamidc gel under reducing conditions. To 
insure that all the TR was detected the beads were not extensively 
washed. This results in an increase in nonspecific binding to the 
beads. The nonspecific pattern was identical whether or not B3/25 
was included in the immunoprecipitation. 

mutated TR was examined. In both cell lines PMA treatment 
results in an increase in the rate of Tf release (Fig. 5; Table 
I). In TRVb-Gly24A there was a 1.32 ± .05 fold (mean ± 
SD) and in TRVb-Gly24B a 1.26 ± .02 fold (mean ± SD 
of four separate determinations) increase in the rate of Tf re- 
lease. Furthermore, the surface TR expression, measured by 
[ 125 I]Tf binding at 4°C, is increased 30-40% by 100 nM 
PMA treatment (Fig. 5 C). These results demonstrate that 
Ser-24 phosphorylation is not required for the PMA-induced 
increase in the exocytic rate of the human TR expressed in 
TRVb cells. 

The human TR is a disulphide linked homodimer of 
96,000-D chains (Trowbridge ct al., 1984). Since the recep- 
tors is a dimcr it is possible that heterodimers between the 
transfected receptor and the endogenous receptor could form 
when the cDNA clone is expressed in a heterologous cell sys- 
tem. The TR-variant CHO cell line used in this study, TRVb 
cells, is devoid of functional endogenous TR. However, we 
have not characterized the mutation responsible for this phe- 
notype. It is possible that TRVb cells express hamster TR 
which are mutated in the Tf-binding site. If this were the 
case, it would be possible to form heterodimers between the 
human TR monomer, introduced by transfection, and the 
mutant hamster receptor. In such a heterodimer the hamster 
cytoplasmic portion could complement the site-directed mu- 
tation in human receptor. Although we cannot directly rule 
out this possibility, we think that it is unlikely for several rea- 
sons. If heterodimers were formed, we would expect that the 
proportion of heterodimers in the transfected cell lines would 
be substantially different from one another due to the differ- 
ent amounts of transfected TR expressed in each cell line 
(35,000 and 90,000 TR per cell). However, in all measured 
respects the receptors behave identically in both Gly-24 
transfectants. Therefore we do not believe that heterodimers 
are masking an effect of the Gly-24 substitution on the func- 
tioning of the TR. 

To confirm that the Gly-24 substitution abolishes recep- 
tor phosphorylation, the TR was immunopreci pita ted from 
TRVb-1, TRVb-Gly24A, and TRVb-Gly24B cell lines prein- 



cubated with ["P]-orthophosphate and treated with 100 nM 
PMA for 15 min (Fig. 6). To account for any differences 
among the cell lines in the activity of protein kinase C or the 
incorporation of »P into ATP pools, an equal number ot 
TCA precipitable counts from each lysate were used in the 
immunoprecipitation. Equal aliquots (by volume) of sample 
buffer containing total immunoprccipiratcd protein from 
each lysate were loaded per lane of the gel. PMA treatment 
stimulates phosphorylation of the wild type human. TR ex- 
pressed in TRVb-1 cells. As expected the Gly-24 substitution 
greatly reduced PMA-stimulated TR phosphorylation. In 
TRVb-Gly24A cells no phosphorylation of the TR is ob- 
served (Fig. 6). There is, however, a small amount of PMA- 
stoulatcd%osphorylation of the TR in TRVb-Gly24B cells 
(not visible in Fig. 6). This result suggests that there may be 
other minor sitc(s) of TR phosphorylation when expressed 
in TRVb cells. This minor phosphorylation is not a universal 
characteristic of expression of the human Gly-24 TR in TRVb 
cells sinrc in cell line TRVb-GIy24A no phosphorylation is 
detected, even when the gels were over exposed to account 
for differences in TR number. This result confirms our con- 
clusion that the phosphorylation of Ser-24 is not required for 
the PMA-induced TR redistribution. 

Discussion 

The surface expression of TR is regulated both pre- and post- 
translationally. Receptor expression is decreased when cells 
are treated with Tf-aiternative iron sources such as iron salts 
or hemin, and it is increased by chelating intracellular iron 
(Bridges and Cudkowicz, 1984; Ward etal., 1984; Rao eta!., 
1985). Iron-dependent regulation of TR expression is re- 
flected by changes in mRNA concentration, suggesting that 
the alteration in receptor expression is regulated at the level 
of receptor synthesis (Rao et al., 1986). TR surface expres- 
sion is also regulated posttranslationally. In this report we 
show that in CHO cells, the tumor promoting phorbol ester 
PMA causes an increase in the cell surface expression of the 
TR. PMA affects the steady-state distribution of TR in CHO 
cells by inducing an increase in the rate of exocytosis of the 
recycling receptor, PMA has been shown to have a similar 
effect on the TR in mouse tumor macrophage-like cells, J774 
(Buys er al. , 1984). The PMA effect is, however, cell line de- 
pendent. In K562 and HL60 cells PMA causes a decrease 
in surface expression by stimulating internalization of the 
TR (Klausner ct al., 1984; May et al., 1984; May et al., 
1985). Insulin and epidermal growth factor cause an increase 
in cell surface TR expression in fat cells and human fibro- 
blasts (Davis et ah, 1986a; Wiley and Kaplan, 1984). Re- 
cently, it has been shown that insulin increases the rate of re- 
cycling of the TR in adipocyte cells (Tanner and Lienhard, 
1987). Thus, surface expression of the TR is under complex 
regulation both pre- and posttranslationally. 

An attractive proposal for posttranslational regulation wa.<; 
that a modification of the TR resulted in the observed steady 
state redistribution of intracellular and surface receptors 
Since the protein kinase C activating phorbol ester PMA is 
capable of inducing a redistribution and the human TR h. 
phosphorylated by protein kinase C, it was possible that TR 
phosphorylation was responsible for the observed effects. By 
characterizing the behavior of the human TR in which the; 
major protein kinase C phosphorylation site, Ser-24, was 
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replaced with a non-phosphorylatable amino acid, Gly, we 
have shown that phosphorylation of Ser-24 is not required for 
the PMA induced redistribution. Furthermore, the Gly-24 
TR behaved similarly to the wild type Ser-24 receptor in all 
aspects of endocytosis examined, suggesting that Ser-24 
phosphorylation is not required for the functioning of the 
receptor. TRVb cells do not proliferate when the only Fe 
source is differic-Tf, presumably because of the lack of en- 
dogenous TR. The TRVb-Gly24 transfected cell lines do 
proliferate under these growth conditions, which indicates 
the complete biological functioning of the Gly-24 TR. Al- 
though our results demonstrate that Ser-24 phosphorylation 
is not required for the PMA effect on human TR expressed 
in CHO cells, it is still possible that phosphorylation of Ser- 
24 is involved in the growth factor- induced increase in TR 
surface expression or in the PMA-induced TR internaliza- 
tion in K562 and HL60 cells. 

Our results suggest that phosphorylation of protein(s) 
other than the TR is responsible for regulating the trafficking 
of this membrane protein. The increased exocytic rate could 
result from a general increase in the rate of fusion of the recy- 
cling vesicles with the plasma membrane or from an increase 
in the rate of movement of the intracellular vesicles to the site 
of fusion with the cell membrane. Identifying the intracellu- 
lar location of the action of PMA treatment requires a 
detailed morphological study of the exocytic portion of the 
TR recycling pathway. 

Our results raise the question as to whether the PMA effect 
is specific for the TR (or a subclass of membrane proteins 
of which the TR is a member) or if the TR redistribution 
reflects a general perturbation of cellular membrane traffic. 
Further characterization of a number of recycling membrane 
proteins in one cell system will be required to answer this 
question. 

A report on the requirement of TR phosphorylation for en- 
docytosis of the receptor has recently appeared (Rothen- 
berger et al., 1987). Our result that Ser-24 phosphorylation 
is not required for basal functioning of the TR is in agree- 
ment with their results. In their study they have expressed the 
human TR in mouse LTK - cells, which do not respond to 
PMA treatment. They were, therefore, unable to investigate 
the role of TR phosphorylation in response to PMA. In a 
more recent study it has been shown that PMA up-regulatcs 
cell surface TR expression in mouse 3T3 cells and that this 
up-regulation is independent of TR phosphorylation (Zerial 
et al., 1987). These results are also consistent with our 
results. In our study we have taken advantage of a heterolo- 
gous system lacking endogenous TR. This has allowed us to 
characterize the up-regulation of TR in detail using the native 
ligand. 

This heterologous system is ideal for future morphological 
and biochemical studies of the exocytic portion of the TR re- 
cycling pathway directed at identifying the site of action of 
PMA on steady-state receptor distribution. 
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Requirement for negative charge on "activation loop" of protein kinase C. 
Orr JW, Newton AC. 

Department of Chemistry, Indiana University, Bloomington 47405. 

Increasing evidence has implicated a post-translational phosphorylation in the production of a 
catalytically competent protein kinase C. Here we present structural and biochemical evidence 
that ThrSOO of protein kinase C-beta II is the residue phosphorylatod by another kinase. Modeling 
studies indicate that this residue is part of a "lip" structure at the entrance of the catalytic site; 
phosphorylation on this lip, or "activation loop,* is central to the regulation of three kinases whose 
structures have been elucidated (Taylor, S. S. t and Radzio-Andzelm, E. (1994) Structure 2, 
345-355). Biochemical data reveal that mutation of ThrSOO to an acidic residue (Glu) results in 
expression of catalytically active protein kinase C in COS cells. In contrast, mutatipn,of .this ■ 
residue to a neutral^non-phosphorylatable residue (Val) results in expression of inactive enzyme. 
Thus negative charge at position 500 is required for catalytically competent protein kinase C-beta 
II. These data suggest that signal processing by protein kinase C cannot occur until the enzyme is 
first phosphorylated by a prolein kinase C kinase. 

PMID: 7961692 [PubMed * indexed for MEDLINE] 
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A phosphorylation site in the ftz homeodomain is required 
for activity. 

Dong J, Hung LH, Strome R, Krause HM. 

Banting and Best Department of Medical Research, University of Toronto, 
C.H.Best Institute, Toronto, Ontario, Canada M5G 1L6. 

The Drosophila homeodomain-containing protein Fushi tarazu (Ftz) is 
expressed sequentially in the embryo, first in alternate segments, then in 
specific neuroblasts and neurons in the central nervous system, and finally 
in parts of the gut. During these different developmental stages, the protein 
is heavily phosphorylated on different subsets ol Ser and Thr residues. This 
stage-specific phosphorylation suggests possible roles for signal 
transduction pathways in directing tissue-specific Ftz activities. Here we 
show that one of the Ftz phosphorylation sites, T263 in the N-terminus of 
the Ftz homeodomain, is phosphorylated in vitro by Drosophila embryo 
extracts and protein kinase A. In the embryo, mutagenesis of this site to the 
nonrp.hosphorylatable. residue; Ala resulted in loss of ftz-dependent 
segments. Conversely, substitution of T263 with Asp, which is also 
non-phosphorylatable, but which successfully mimics phosphorylated 
residues in a number of proteins, rescued the mutant phenotype. This 
suggests that T263 is in the phosphorylated state when functioning normally 
in vivo. We also demonstrate that the T263 substitutions of Ala and Asp do 
not affect Ftz DNA-binding activity in vitro, nor do they affect stability or 
transcriptional activity in transfected S2 cells. This suggests that T263 
phosphorylation is most likely required for a homeodomain-rnediated 
interaction with an embryonically expressed protein. 

PMID: 9545243 [PubMed - indexed for MEDLINE] 
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